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FOREWORD

This toxicological profile is prepared in accordance with guidelines* developed by the Agency for Toxic
Substances and Disease Registry (ATSDR) and the Environmental Protection Agency (EPA). The
original guidelines were published in the Federal Register on April 17, 1987. Each profile will be revised
and republished as necessary.

The ATSDR toxicological profile succinctly characterizes the toxicologic and adverse health effects
information for these toxic substances described therein. Each peer-reviewed profile identifies and
reviews the key literature that describes a substance's toxicologic properties. Other pertinent literature is
also presented, but is described in less detail than the key studies. The profile is not intended to be an
exhaustive document; however, more comprehensive sources of specialty information are referenced.

The focus of the profiles is on health and toxicologic information; therefore, each toxicological profile
begins with a public health statement that describes, in nontechnical language, a substance's relevant
toxicological properties. Following the public health statement is information concerning levels of
significant human exposure and, where known, significant health effects. The adequacy of information to
determine a substance's health effects is described in a health effects summary. Data needs that are of
significance to protection of public health are identified by ATSDR.

Each profile includes the following:

(A) The examination, summary, and interpretation of available toxicologic information and
epidemiologic evaluations on a toxic substance to ascertain the levels of significant human
exposure for the substance and the associated acute, subacute, and chronic health effects;

(B) A determination of whether adequate information on the health effects of each substance
is available or in the process of development to determine levels of exposure that present a
significant risk to human health of acute, subacute, and chronic health effects; and

(&) Where appropriate, identification of toxicologic testing needed to identify the types or
levels of exposure that may present significant risk of adverse health effects in humans.

The principal audiences for the toxicological profiles are health professionals at the Federal, State, and
local levels; interested private sector organizations and groups; and members of the public.

This profile reflects ATSDR’s assessment of all relevant toxicologic testing and information that has been
peer-reviewed. Staffs of the Centers for Disease Control and Prevention and other Federal scientists have
also reviewed the profile. In addition, this profile has been peer-reviewed by a nongovernmental panel
and was made available for public review. Final responsibility for the contents and views expressed in
this toxicological profile resides with ATSDR.
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*Legislative Background

The toxicological profiles are developed under the Comprehensive Environmental Response,
Compensation, and Liability Act of 1980, as amended (CERCLA or Superfund). CERCLA section
104(1)(1) directs the Administrator of ATSDR to “.. effectuate and implement the health related
authorities” of the statute. This includes the preparation of toxicological profiles for hazardous
substances most commonly found at facilities on the CERCLA National Priorities List and that pose the
most significant potential threat to human health, as determined by ATSDR and the EPA. Section
104(1)(3) of CERCLA, as amended, directs the Administrator of ATSDR to prepare a toxicological profile
for each substance on the list. In addition, ATSDR has the authority to prepare toxicological profiles for
substances not found at sites on the National Priorities List, in an effort to ... establish and maintain
inventory of literature, research, and studies on the health effects of toxic substances” under CERCLA
Section 104(i)(1)(B), to respond to requests for consultation under section 104(i)(4), and as otherwise
necessary to support the site-specific response actions conducted by ATSDR.
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QUICK REFERENCE FOR HEALTH CARE PROVIDERS

Toxicological Profiles are a unique compilation of toxicological information on a given hazardous
substance. Each profile reflects a comprehensive and extensive evaluation, summary, and interpretation
of available toxicologic and epidemiologic information on a substance. Health care providers treating
patients potentially exposed to hazardous substances will find the following information helpful for fast
answers to often-asked questions.

Primary Chapters/Sections of Interest

Chapter 1: Public Health Statement: The Public Health Statement can be a useful tool for educating
patients about possible exposure to a hazardous substance. It explains a substance’s relevant
toxicologic properties in a nontechnical, question-and-answer format, and it includes a review of
the general health effects observed following exposure.

Chapter 2: Relevance to Public Health: The Relevance to Public Health Section evaluates, interprets,
and assesses the significance of toxicity data to human health.

Chapter 3: Health Effects: Specific health effects of a given hazardous compound are reported by type
of health effect (death, systemic, immunologic, reproductive), by route of exposure, and by length
of exposure (acute, intermediate, and chronic). In addition, both human and animal studies are
reported in this section.

NOTE: Not all health effects reported in this section are necessarily observed in the clinical
setting. Please refer to the Public Health Statement to identify general health effects observed
following exposure.

Pediatrics: Four new sections have been added to each Toxicological Profile to address child health
issues:
Section 1.6 How Can (Chemical X) Affect Children?
Section 1.7 How Can Families Reduce the Risk of Exposure to (Chemical X)?
Section 3.7 Children’s Susceptibility
Section 6.6 Exposures of Children

Other Sections of Interest:
Section 3.8 Biomarkers of Exposure and Effect
Section 3.11 Methods for Reducing Toxic Effects

ATSDR Information Center
Phone: 1-800-CDC-INFO (800-232-4636) or 1-888-232-6348 (TTY) Fax: (770)488-4178
E-mail: cdcinfo@cdc.gov Internet. http://www.atsdr.cdc.gov

The following additional material can be ordered through the ATSDR Information Center:

Case Studies in Environmental Medicine: Taking an Exposure History—The importance of taking an
exposure history and how to conduct one are described, and an example of a thorough exposure
history is provided. Other case studies of interest include Reproductive and Developmental
Hazards; Skin Lesions and Environmental Exposures;, Cholinesterase-Inhibiting Pesticide
Toxicity; and numerous chemical-specific case studies.


mailto:cdcinfo@cdc.gov
http:http://www.atsdr.cdc.gov
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Managing Hazardous Materials Incidents is a three-volume set of recommendations for on-scene
(prehospital) and hospital medical management of patients exposed during a hazardous materials
incident. Volumes I and II are planning guides to assist first responders and hospital emergency
department personnel in planning for incidents that involve hazardous materials. Volume III—
Medical Management Guidelines for Acute Chemical Exposures—is a guide for health care
professionals treating patients exposed to hazardous materials.

Fact Sheets (ToxFAQs) provide answers to frequently asked questions about toxic substances.

Other Agencies and Organizations

The National Center for Environmental Health (NCEH) focuses on preventing or controlling disease,
injury, and disability related to the interactions between people and their environment outside the
workplace. Contact: NCEH, Mailstop F-29, 4770 Buford Highway, NE, Atlanta,

GA 30341-3724 « Phone: 770-488-7000 « FAX: 770-488-7015.

The National Institute for Occupational Safety and Health (NIOSH) conducts research on occupational
diseases and injuries, responds to requests for assistance by investigating problems of health and
safety in the workplace, recommends standards to the Occupational Safety and Health
Administration (OSHA) and the Mine Safety and Health Administration (MSHA), and trains
professionals in occupational safety and health. Contact: NIOSH, 200 Independence Avenue,
SW, Washington, DC 20201 « Phone: 800-356-4674 or NIOSH Technical Information Branch,
Robert A. Taft Laboratory, Mailstop C-19, 4676 Columbia Parkway, Cincinnati, OH 45226-1998
* Phone: 800-35-NIOSH.

The National Institute of Environmental Health Sciences (NIEHS) is the principal federal agency for
biomedical research on the effects of chemical, physical, and biologic environmental agents on
human health and well-being. Contact: NIEHS, PO Box 12233, 104 T.W. Alexander Drive,
Research Triangle Park, NC 27709 « Phone: 919-541-3212.

Referrals

The Association of Occupational and Environmental Clinics (AOEC) has developed a network of clinics
in the United States to provide expertise in occupational and environmental issues. Contact:
AQEC, 1010 Vermont Avenue, NW, #513, Washington, DC 20005 « Phone: 202-347-4976
* FAX: 202-347-4950 « e-mail: AOEC@AOEC.ORG * Web Page: http://www.aoec.org/.

The American College of Occupational and Environmental Medicine (ACOEM) is an association of
physicians and other health care providers specializing in the field of occupational and
environmental medicine. Contact: ACOEM, 25 Northwest Point Boulevard, Suite 700, Elk
Grove Village, IL 60007-1030 « Phone: 847-818-1800 « FAX: 847-818-9266.


mailto:AOEC@AOEC.ORG
http:http://www.aoec.org
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PEER REVIEW

A peer review panel was assembled for chlorine. The panel consisted of the following members:

1. John Balmes, M.D., Professor in Residence, Department of Medicine, University of California,
San Francisco, San Francisco, California;

2. Meryl Karol, Ph.D., Professor Emeritus, Associate Dean for Academic Affairs and Research,
University of Pittsburgh, Pittsburgh, Pennsylvania; and

3. Dennis Shusterman, M.D., MPH, Professor Emeritus, Department of Medicine, University of
California, San Francisco, California.

These experts collectively have knowledge of chlorine's physical and chemical properties, toxicokinetics,
key health end points, mechanisms of action, human and animal exposure, and quantification of risk to
humans. All reviewers were selected in conformity with the conditions for peer review specified in
Section 104(1)(13) of the Comprehensive Environmental Response, Compensation, and Liability Act, as
amended.

Scientists from the Agency for Toxic Substances and Disease Registry (ATSDR) have reviewed the peer
reviewers' comments and determined which comments will be included in the profile. A listing of the
peer reviewers' comments not incorporated in the profile, with a brief explanation of the rationale for their
exclusion, exists as part of the administrative record for this compound.

The citation of the peer review panel should not be understood to imply its approval of the profile's final
content. The responsibility for the content of this profile lies with the ATSDR.
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1. PUBLIC HEALTH STATEMENT

This public health statement tells you about chlorine and the effects of exposure to it.

The Environmental Protection Agency (EPA) identifies the most serious hazardous waste sites in the
nation. These sites are then placed on the National Priorities List (NPL) and are targeted for long-term
federal clean-up activities. Chlorine gas is too reactive to be detected in environmental media at
hazardous waste sites. Any chlorine gas released at these sites would be quickly converted to other

substances whose primary source may or may not have been chlorine.

When a substance is released either from a large area, such as an industrial plant, or from a container,

such as a drum or bottle, it enters the environment. Such a release does not always lead to exposure. You
can be exposed to a substance only when you come in contact with it. 'You may be exposed by breathing,
cating, or drinking the substance, or by skin contact. Since chlorine is highly reactive, you are unlikely to

be exposed directly to it unless there has been a large scale accidental release in the nearby vicinity.

If you are exposed to chlorine, many factors will determine whether you will be harmed. These factors
include the dose (how much), the duration (how long), and how you come in contact with it. You must
also consider any other chemicals you are exposed to and your age, sex, diet, family traits, lifestyle, and

state of health.

The subject of this profile is molecular chlorine (Cl,), which exists as a gas under normal environmental
conditions or as a liquid when stored under pressure. Although molecular chlorine is used in some water
disinfection processes, the resulting solution, commonly referred to as chlorinated water, does not actually
contain molecular chlorine. Therefore, water disinfection and the chemicals present in chlorinated water,

such as hypochlorite, are not the main focus of this document and are only discussed where relevant.
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1. PUBLIC HEALTH STATEMENT

1.1 WHAT IS CHLORINE?

Chlorine is a gas
with a very
irritating odor

Used in
manufacturing
and water
disinfection

Chlorine gas is
not present in
chlorinated water

Bleach is not
chlorine

It is very unstable and quickly reacts with many substances to form other
chemicals.

Chlorine is an extremely important industrial chemical that is used in the
production of thousands of products.

It is also used for water disinfection, although the chlorine itself is quickly
transformed into other chemicals at the beginning of the process.

A common misconception is that molecular chlorine (Cl,) is present in
chlorinated water. During water chlorination, molecular chlorine gas may be
added to the water at first; however, the chlorine is quickly transformed into
other chemicals, which actually disinfect the water. Hypochlorous acid and
hypochlorite anion are two of these chemicals that disinfect the water.

The terms “free chlorine” and “aqueous chlorine” in drinking water usually
refer to the amount of hypochlorous acid and hypochlorite in the water. It is
important to recognize that these compounds are different from molecular
chlorine.

One of the important products that chlorine is used to make is bleach, and
people sometimes confuse chlorine with bleach. Bleach contains a
compound called sodium hypochlorite. If you mix acidic chemicals with
bleach, chlorine can be formed and given off as a gas.

For more information on the sources, properties, and uses of chlorine, see Chapters 4 and 5.

1.2 WHAT HAPPENS TO CHLORINE WHEN IT ENTERS THE ENVIRONMENT?

Chlorine is very
unstable in the
environment

Rapidly broken
down
* Air

* Water
Chlorine can

travel from its
source

Chlorine is very unstable, and reacts with a variety of chemicals and water
when it is released into the environment.

Chlorine is broken down by sunlight within a matter of several minutes.

Chlorine dissolves in water and is converted into chloride and hypochlorous
acid.

If chlorine is spilled into water or onto soil or if it is released from a tank into
the air, the chlorine will evaporate very quickly forming a greenish-yellow
cloud that can be carried by the wind from the source.

For more information on chlorine in the environment, see Chapter 6.
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1. PUBLIC HEALTH STATEMENT

1.3 HOW MIGHT | BE EXPOSED TO CHLORINE?

Most people are
not expected to
be exposed to
chlorine

Accidental
exposure to
chlorine

Workplace air

Because chlorine is so reactive, it is not normally detected in the
environment except for very low levels in the air above seawater.

You may be exposed through breathing, skin contact, and eye contact if an
accident involving chlorine takes place nearby, such as a liquid chlorine spill,
a leak from a chlorine tank, or a leak from a facility that produces or uses
chlorine.

You may also be exposed to chlorine if you mix household chemicals such
as toilet cleaner with bleach.

Hypochlorous acid is used to treat swimming pool water. You may be
exposed to chlorine gas through the improper use of swimming pool
chemicals.

People who work in places where chlorine is made or used may be exposed
to low levels over a period of time.

People may be exposed to high levels if a large amount of chlorine is
released during an accident.

For more information on human exposure to chlorine, see Chapter 6.

1.4 HOW CAN CHLORINE ENTER AND LEAVE MY BODY?

Chlorine gas
enters your body
only when you
breathe it in.

Immediately
reacts with other
chemicals

Chlorine gas can enter your body through your nose or your mouth.

At low concentrations (less than 10 ppm), almost all of the chlorine is
removed from the air in the upper part of the respiratory airways and only a
very small amount may reach your lungs.

If you drink hypochlorite solution, it may react with the acids in your
stomach and possibly form chlorine gas.

Chlorine gas reacts with the water in the cells located in the surface of the
respiratory airways and forms other compounds that produce irritation of the
airways.

Most of these compounds eventually are transformed into chloride ions,
which are normal components of the body.

For more information on how chlorine enters and leaves the body, see Chapter 3.
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1. PUBLIC HEALTH STATEMENT

1.5 HOW CAN CHLORINE AFFECT MY HEALTH?

This section looks at studies concerning potential health effects in animal and human studies.

The effect of chlorine on human health depends on how much chlorine is present, how you are exposed to

it, and the length of exposure.

Short-term
exposure to
chlorine in air

Long-term
exposure to
chlorine in air

Short-term
exposure to
hypochlorite
solution by
ingestion

Long-term
exposure to
hypochlorite
solution by
ingestion

Skin exposure to

hypochlorite
solution

The following effects have been observed in humans briefly exposed to
chlorine:
¢ mild nose irritation at 1-3 ppm
e eye irritation at 5 ppm
e throat irritation at 5-15 ppm
¢ immediate chest pain, vomiting, changes in breathing rate, and
cough at 30 ppm
¢ lung injury (toxic pneumonitis) and pulmonary edema (fluid in the
lungs) at 40-60 ppm
e death after 30 minute exposure to 430 ppm
e death after a few minute exposure to 1,000 ppm

The concentrations listed above are approximate; the effects will depend
also on exposure duration. In general, people who suffer from respiratory
conditions such as allergies or hay fever, or who are heavy smokers, tend to
experience more severe effects than healthy subjects or nonsmokers.

No significant harmful health effects were observed in workers exposed for
years to relatively low concentrations of chlorine (around 1 ppm).

The tissues inside the nose were principally affected in animals exposed to
chlorine for longer durations.

Drinking small amounts of hypochlorite solution (less than a cup) can
produce irritation of the esophagus. Drinking concentrated hypochlorite
solution can produce severe damage to the upper digestive tract and even
death. These effects are most likely caused by the caustic nature of the
hypochlorite solution and not from exposure to molecular chlorine.

There is no information on long-term ingestion of hypochlorite solution in
humans. Animals that drank hypochlorite solution in water for up to 2 years
did not show any significant health effects. The amount of hypochlorite
solution in the water that the animals drank was much smaller than what is
found in household bleach.

Spilling hypochlorite solution on the skin can produce irritation. The severity
of the effects depends on the concentration of sodium hypochlorite in the
bleach.

Further information on the health effects of chlorine in humans and animals can be found in Chapters 2
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1.6 HOW CAN CHLORINE AFFECT CHILDREN?

This section discusses potential health effects in humans from exposures during the period from

conception to maturity at 18 years of age.

Children are likely Short-term exposures (minutes) to high concentrations of chlorine affect

to have similar
effects as adults,
but may be more
sensitive than
adults

Birth defects

children in the same manner they affect adults (i.e., mucous membrane and
respiratory tract irritation). We do not know what the effects could be in
children following longer-term (weeks or longer), low-level exposure to
chlorine gas, but this type of exposure occurs only in workers and is not
relevant to children. We also do not know what the effects could be in
children following longer-term, low-level exposure to hypochlorite solution.

We do not know whether exposure to chlorine gas during pregnancy can
result in damage to unborn babies because there are no studies of pregnant
women or pregnant animals exposed to chlorine gas.

One study of rats exposed to hypochlorite solution during pregnancy found
no evidence of birth defects or any other developmental alteration in the
baby rats. The amount of chlorine that the rats consumed was many times
higher than what people are normally exposed to through drinking water.

1.7 HOW CAN FAMILIES REDUCE THE RISK OF EXPOSURE TO CHLORINE?

Do not mix bleach |Chlorine gas can be released to the air when bleach is mixed with other

with household
cleaners

Store household
chemicals out of
reach of young
children

Follow
instructions for
swimming pool
disinfection

cleaning solutions that contain an acid like some toilet cleaners. Mixing
bleach with ammonia also produces very hazardous gases, such as
chloramines.

Always store household chemicals in their original labeled containers out of
reach of young children to prevent accidental poisonings. Never store
household chemicals in containers children would find attractive to eat or
drink from, such as old soda bottles.

Chlorine gas can also be released to the air when chemicals used to
chlorinate swimming pools are mishandled. If you have a swimming pool at
home, read the labels of the chlorination products carefully and do not let
children play with these products.
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1.8 IS THERE A MEDICAL TEST TO DETERMINE WHETHER | HAVE BEEN EXPOSED TO

CHLORINE?
There are no There are no medical tests to determine whether you have been exposed
medical tests specifically to chlorine.
available for
chlorine Chlorine is transformed in the body into chloride ions, which are normal

components of the body. An enormous amount of chlorine has to be
inhaled or ingested in order to detect a significant increase in chloride ions
in the blood. This has occurred in a few cases of ingestion of large amounts
of hypochlorite solution and one of them was a fatal case.

1.9 WHAT RECOMMENDATIONS HAS THE FEDERAL GOVERNMENT MADE TO
PROTECT HUMAN HEALTH?

The federal government develops regulations and recommendations to protect public health. Regulations
can be enforced by law. The EPA, the Occupational Safety and Health Administration (OSHA), and the
Food and Drug Administration (FDA) are some federal agencies that develop regulations for toxic
substances. Recommendations provide valuable guidelines to protect public health, but cannof be
enforced by law. The Agency for Toxic Substances and Disease Registry (ATSDR) and the National
Institute for Occupational Safety and Health (NIOSH) are two federal organizations that develop

recommendations for toxic substances.

Regulations and recommendations can be expressed as “not-to-exceed” levels, that is, levels of a toxic
substance in air, water, soil, or food that do not exceed a critical value that is usually based on levels that
affect animals; they are then adjusted to levels that will help protect humans. Sometimes these not-to-
exceed levels differ among federal organizations because they used different exposure times (an 8-hour

workday or a 24-hour day), different animal studies, or other factors.

Recommendations and regulations are also updated periodically as more information becomes available.

For the most current information, check with the federal agency or organization that provides it.
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Some regulations and recommendations for chlorine include the following:

Levels in air set |EPA established an environmental air limit of 0.5 ppm. Exposure to higher
by EPA levels could result in discomfort and irritation. Dependent on the
concentration, these effects may be reversible when exposure ends.

Levels in OSHA set a legal limit of 1 ppm chlorine in air as a ceiling limit. At no time
workplace air set should a worker’'s exposure exceed this limit.
by OSHA

Levels in drinking |[EPA established a maximum contaminant level (MCL) and maximum
water set by EPA residual disinfectant level (MRDL) of 4 mg/L for free chlorine in drinking
water.

1.10 WHERE CAN | GET MORE INFORMATION?

If you have any more questions or concerns, please contact your community or state health or

environmental quality department, or contact ATSDR at the address and phone number below.

ATSDR can also tell you the location of occupational and environmental health clinics. These clinics
specialize in recognizing, evaluating, and treating illnesses that result from exposure to hazardous

substances.

Toxicological profiles are also available on-line at www .atsdr.cdc.gov and on CD-ROM. You may
request a copy of the ATSDR ToxProfiles™ CD-ROM by calling the toll-free information and technical
assistance number at 1-800-CDCINFO (1-800-232-4636), by e-mail at cdcinfo@cdc.gov, or by writing

to:

Agency for Toxic Substances and Disease Registry
Division of Toxicology and Environmental Medicine
1600 Clifton Road NE

Mailstop F-62

Atlanta, GA 30333

Fax: 1-770-488-4178


http:www.atsdr.cdc.gov
mailto:cdcinfo@cdc.gov
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Organizations for-profit may request copies of final Toxicological Profiles from the following:

National Technical Information Service (NTIS)
5285 Port Royal Road

Springfield, VA 22161

Phone: 1-800-553-6847 or 1-703-605-6000
Web site: http://www ntis.gov/


http:http://www.ntis.gov
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2.1 BACKGROUND AND ENVIRONMENTAL EXPOSURES TO CHLORINE IN THE
UNITED STATES

Chlorine is a greenish-yellow gas with a pungent, irritating odor. It is stored and transported as a liquid
under pressure. Chlorine is transported as either a liquid or a gas through pipelines within chemical plants
or over distances of several kilometers. When chlorine is released into the environment, it reacts with
both organic and inorganic substances that it comes into contact with. When chlorine gas is released into
water, such as during water chlorination, it quickly dissolves in the water and then disproportionates
within seconds to form chloride and hypochlorous acid. Chlorine may be released into the environment
from facilities where it is produced or used, or during accidents, such as a chlorine tank rupture or a liquid
chlorine spill. Most of the chlorine released during these types of incidents is expected to volatilize into
the air forming a greenish-yellow chlorine gas cloud. Because chloring is approximately 2.5 times
heavier than air, the chlorine cloud remains near the ground. This cloud can be carried away from the site
of release by the wind. Chlorine undergoes direct photolysis in the air and its half-life in the troposphere

1s on the order of several minutes.

Because it is so reactive, chlorine gas is normally not detected in the environment except at low levels in
seawater acrosols. Therefore, background exposure of the general population to chlorine is not expected
to represent a health concern. Human biomonitoring data are not available for chlorine. Analyzing
human biological tissue and fluids for chlorine is not relevant because >95% of the chlorine that is
inhaled (over a 1-5 ppm range) is removed in the upper respiratory tract and eventually joins the chloride
pool in the body. The amount of chlorine that would need to be inhaled to induce a significant increase in

extracellular chloride in the body is probably a lethal amount.

There are two primary means by which the general population may be exposed to chlorine. Individuals
located near an accidental release of chlorine, either from a manufacturing facility or the transportation of
liquefied chlorine may be exposed to high levels of this gas through inhalation and dermal contact if the
cloud travels in their direction. In addition, people who mix acidic solutions with hypochlorite solutions,
such as bleach or certain types of swimming pool chemicals, may accidentally be exposed to chlorine gas.
Children may be exposed to chlorine through the same routes that affect adults, except for occupational
exposures. Occupational exposure to low levels of chlorine gas in air may occur for individuals who
work at facilities that produce or use chlorine. These individuals may also be exposed to high chlorine

concentrations if an accidental release occurs inside the facility.
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Exposure to chlorine through drinking water is expected to be very low. Free chlorine in drinking water
is defined as the sum of dissolved chlorine gas, hypochlorous acid, and hypochlorite anion. As discussed
in Chapters 4 and 6, the level of dissolved chlorine in water is extremely low, except under acidic
conditions; therefore, the term free chlorine in public water systems typically refers to the concentration
of hypochlorous acid and hypochlorite anion. The term total chlorine as it pertains to water sanitation
practices usually refers to the amount of free chlorine plus chloroamines (sometimes called combined
chlorines) produced during the sanitation process. It is important to recognize that these compounds are

different from molecular chlorine even though the terminology is often used interchangeably.

2.2 SUMMARY OF HEALTH EFFECTS

Chlorine Gas. The principal targets of exposure to chlorine gas are the respiratory airways and the eyes.
Exposure can occur only by direct contact of inhaled chlorine gas with the respiratory epithelium or via
direct contact of the eyes with the gas. The skin seems to be a less sensitive target to direct contact with
chlorine gas possibly because it lacks the moisture of mucous membranes. The effects of acute-duration
exposures to high concentrations of chlorine have been known for almost a century, starting with its use
as a chemical weapon at Ypres, Belgium, during World War I. Additional information regarding the
effects of brief high-level exposures to chlorine has been collected from accidental exposures following
leaks during transport of tanks containing liquid chlorine, leaks from storage tanks, domestic accidents
involving bleach solutions, mishandling of chemicals used at swimming pools, and even accidents in high
school science experiments. These and many additional studies, including studies in volunteers exposed
to controlled concentrations of chlorine, indicate that exposures to 1-3 ppm produce mild irritation of the
nose that can be tolerated for about 1 hour; 5 ppm may produce eye irritation; headache and throat
irritation may occur at concentrations of 5—15 ppm; 30 ppm produces immediate chest pain, nausea and
vomiting, dyspnea, and cough; 40-60 ppm produces toxic pneumonitis and pulmonary edema; 430 ppm
usually causes death in 30 minutes, and 1,000 ppm is fatal within a few minutes. In most cases, death is
the result of pulmonary edema. Accidental releases of chlorine have affected adults and children, and a
few reports suggested that children might be more susceptible than adults to the effects of chlorine. This

may be due to the smaller diameter of the airways of children compared to adults.

The effects of exposure to chlorine seem to depend, at least above a certain minimal exposure
concentration, on the duration of exposure and exposure concentration, and the moisture content of the

surface contacted by the gas (i.¢., the respiratory epithelium). Exposures to relatively low concentrations
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of chlorine (<5 ppm) are not expected to affect deep lung structures since most of the inhaled chlorine
(>95%) is scrubbed in the upper portion of the respiratory tract, whether breathing is through the nose or
through the mouth. With the exception of cough, substernal pain, and respiratory distress, the symptoms
occurring after exposure to moderate concentrations of chlorine generally subside within 24 hours.
Edema, observed following high exposures, is caused by marked alveolar capillary congestion followed
immediately by focal and confluent area of fluid with a high content of fibrinogen. Pulmonary edema
peaks in 12-24 hours and the resulting hypoxia further increases capillary permeability, which creates a
vicious cycle. Initially, the pulmonary fluid is interstitial, but if it overwhelms the capacity of the
lymphatic system to drain it, the alveoli become filled. A further complication is the formation of hyaline
membranes from the alveolar fluid with high-fibrinogen content, which along with developing areas of
atelectasis (collapse), and right to left shunting of blood, explains the poor oxygen diffusion with resultant
hypoxemia and later hypercapnea. Subjects surviving the acute phase of exposure to high concentrations
of chlorine may still be in danger of delayed death due to bronchial pneumonia or pneumonia. The
complications of chlorine inhalation fit the histological condition known as diffuse alveolar damage that

is associated with the clinical condition known as the adult respiratory distress syndrome.

Not all of the signs and symptoms exhibited by subjects exposed to moderate to high concentrations of
chlorine gas are caused directly by chlorine. In general, it is believed that effects such as nausea and
vomiting are reflex in origin, and headache and loss of consciousness are probably due to the hypoxia
caused by pulmonary edema. Leukocytosis is almost always found in subjects admitted to emergency
departments following exposure to high chlorine gas and is most likely a general response to
inflammation. Anxiety and changes in blood pressure and heart rate also are commonly mentioned in
case reports. While cardiovascular alterations can be due in part to a ventilation perfusion mismatch, they
may also represent a general response to the stress and anxiety of having been involved in a chemical

accident and being admitted to a health facility.

Prolonged exposures to relatively low concentrations of chlorine in occupational settings have not given
indications of respiratory or other health problems among the workers, but additional better-controlled
studies are necessary to add confidence to these early findings. Workers occasionally experience brief
episodes of high exposure (“gassing” incidents), in some cases to concentrations high enough to warrant a
visit to the emergency room. In some of these cases and also in some cases of high exposure of the
general population, long-term follow-up has shown persistent respiratory alterations that included airway
obstruction and reactive airway dysfunction syndrome (RADS). RADS is defined as an asthma-like

illness after a single acute exposure to a respiratory irritant in otherwise healthy individuals, characterized
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by increased responsiveness to methacholine challenge. There are many factors that can play a role in
whether residual effects will be present, including exposure level and duration of exposure, medical

treatment following exposure, length of the follow-up, underlying respiratory disease, and smoking status.

A series of reports by Kilburn suggested that acute exposure to high concentrations of chlorine produced
long-term neurobehavioral effects (i.e., memory loss, slow reaction time, impaired balance, hearing loss,
visual alterations). No other study of chlorine-exposed subjects has included neurobehavioral testing, but
this could potentially be examined in animal models. It is not known whether exposure to chlorine gas
can affect reproduction or development in humans. Only one early study reported that pregnancy
outcome was not affected among female workers at a chlorine plant. There is also no relevant
information regarding effects of chlorine exposure on the immune system. A few studies of workers in
the chemical industry did not find any evidence that chlorine gas is carcinogenic. The EPA, the
International Agency for Research on Cancer (IARC), and the Department of Health and Human Services

(DHHS) have not classified chlorine gas as to its carcinogenicity.

The respiratory system is also the target of chlorine toxicity in animals. Animals exposed briefly to high
concentrations of chlorine gas have shown respiratory effects similar to those observed in humans, with
the added observations of severe gross and microscopic changes in the respiratory airways. Chlorine, in
relatively low concentrations (1-3 ppm), also induced histological alterations in the respiratory tract,
particularly the upper portion, in intermediate- and chronic-duration inhalation studies in animals. In
these studies, there was no indication that chlorine exposure affects reproductive parameters. No studies
are available that evaluated whether chlorine affects immunocompetence or the development of young

organisms. Chlorine gas was not carcinogenic in rats and mice exposed to up to 2.5 ppm for 2 years.

Hypochlorite Solutions. At very low pH (<2), it is theoretically possible that chlorine gas can be formed;
therefore, exposures to hypochlorite solutions are briefly discussed even though, under normal pH, the
predominant species are expected to be hypochlorous acid and hypochlorite (for a detailed discussion and
definitions of terms related to the chemistry of chlorine in water, please see Chapter 4). The principal
targets of exposure to hypochlorite solutions are the upper gastrointestinal tract and the skin. Exposure to
hypochlorite can occur via accidental or intentional ingestion of chlorine bleach or via direct contact of
the skin with hypochlorite solutions. In most cases, ingestion of small amounts (less than a cup) of
sodium hypochlorite bleach (approximately 5.25% sodium hypochlorite, 52,250 ppm, or 52,250 mg/L)
(ppm in water = mg/L) can produce esophageal irritation without permanent consequences. However,

fatalities due to ingestion of sodium hypochlorite have been reported. In a reported case, an autopsy of a
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woman who drank an unknown amount of bleach revealed esophageal and gastric mucosal erosions,
perforations at the gastroesophageal junction, and extensive necrosis of adjacent soft tissue. Aspiration of
hypochlorite bleach into the lungs following ingestion of bleach also has been reported as a cause of
death. The lethal dose of sodium hypochlorite in adults has been reported to be approximately 200 mL of
a solution containing 3—-6% chlorine. No significant additional toxicities have been reported in humans
following oral exposure to hypochlorite. Two intermediate-duration studies in which volunteers were
exposed to known amounts of chlorine in water provided no evidence of adverse effects. In one of them,
consumption of water containing 5 mg/L chlorine (approximately 0.036 mg Cl/kg/day) had no significant
effect on hematology, serum chemistry, urinalysis, or additional physiological parameters. Another study
of limited scope showed that consumption of water containing 20 ppm chlorine (approximately 0.4 mg
Cl/kg/day) had no significant effect on serum lipids or serum levels of thyroid hormones. It is not known
whether oral exposure to chlorine can affect the immune and nervous systems, or reproduction or
development in humans. There are no studies of cancer in humans exposed to chlorine itself. Based on
inadequate evidence for carcinogenicity of hypochlorite salts in animals and no data from studies in
humans, a study determined that hypochlorite salts are not classifiable as to their carcinogenicity in

humans.

Direct contact of the skin with household chlorine bleach can cause skin irritation in humans. Although
sodium hypochlorite generally is not considered a contact sensitizer, several cases of allergic contact
dermatitis have been reported. Commercial household bleaches are prepared with sodium hydroxide and
are typically very alkaline; it is this property that may result in the irritant contact dermatitis. The limited
information regarding ocular effects of direct contact of the eye with hypochlorite solutions suggest that

splashes in the eye with house solutions of sodium hypochlorite rarely result in serious consequences.

For the most part, the results of oral and dermal studies of chlorine in animals support the observations in
humans. Studies in which hypochlorite bleach was placed in the esophagus of animals reproduced the
observations following high exposure in humans. Additional intermediate- and chronic-duration studies
that examined hematology and clinical chemistry parameters and conducted gross and microscopic
examination of tissues from rats and mice following exposure to chlorinated water provided little
evidence of chlorine-related toxicity. In the intermediate-duration studies, Sprague-Dawley rats,

F344 rats, and B6C3F; mice were dosed for 90 days with up to 24.9, 85, and 39.2 mg Cl/kg/day,
respectively. In the chronic-duration studies, rats were exposed for 2 years to up to 14.4 mg Cl/kg/day
and mice to up 24.2 mg Cl/kg/day. Studies in animals have provided no evidence that exposure to

hypochlorite ions adversely affects the immune or nervous system, although an 8-week study in rats
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reported alterations in some immune parameters of unknown toxicological significance (reduced delayed-
type hypersensitivity reaction, increased prostaglandin E2 synthesis by macrophages, and reduced
oxidative metabolism by macrophages following stimulation with phorbol myristate acetate). Exposure
of male and female rats to hypochlorite before and during breeding and of the females during gestation
and lactation did not cause reproductive effects in either sex or adverse developmental effects in the
offspring. Cancer bioassays in rats and mice have been negative except for equivocal evidence of
increased incidence of leukemia in female F344 rats in one study’s bioassay. It should be mentioned,
however, that one study considered the overall evidence only weakly supportive of an association
between the occurrence of mononuclear cell leukemia and the consumption of chlorinated water based on
the following: (1) the increase in leukemia was slight and not clearly dose-related, (2) there was no
decrease in tumor latency, and (3) the incidence in concurrent controls was less than in historical controls.

A limited number of studies of in vivo genotoxicity of hypochlorite ion provided negative results.

2.3 MINIMAL RISK LEVELS (MRLs)

Estimates of exposure levels posing minimal risk to humans (MRLs) have been made for chlorine. An
MRL is defined as an estimate of daily human exposure to a substance that is likely to be without an
appreciable risk of adverse effects (noncarcinogenic) over a specified duration of exposure. MRLs are
derived when reliable and sufficient data exist to identify the target organ(s) of effect or the most sensitive
health effect(s) for a specific duration within a given route of exposure. MRLs are based on
noncancerous health effects only and do not consider carcinogenic effects. MRLs can be derived for
acute, intermediate, and chronic duration exposures for inhalation and oral routes. Appropriate

methodology does not exist to develop MRLs for dermal exposure.

Although methods have been established to derive these levels (Barnes and Dourson 1988; EPA 1990a),
uncertainties are associated with these techniques. Furthermore, ATSDR acknowledges additional
uncertainties inherent in the application of the procedures to derive less than lifetime MRLs. As an
example, acute inhalation MRLs may not be protective for health effects that are delayed in development
or are acquired following repeated acute insults, such as hypersensitivity reactions, asthma, or chronic
bronchitis. As these kinds of health effects data become available and methods to assess levels of

significant human exposure improve, these MRLs will be revised.
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Inhalation MRLs

e An MRL of 0.06 ppm has been derived for acute-duration inhalation exposure (14 days or less) to
chlorine gas.

The effects of acute-exposure of humans and animals to chlorine have been well characterized (see
Sections 2.2 and 3.2.1.2). Chlorine is a sensory irritant (substance capable of eliciting sensory irritation)
and the most sensitive target for chlorine toxicity in humans and in animals is the respiratory system.
Information that could be used for quantitative risk assessment regarding effects from acute exposure of
humans to chlorine is available from studies of volunteers exposed to chlorine gas for 15 minutes to

8 hours (Anglen 1981; D Alessandro et al. 1996; Rotman et al. 1983; Schins et al. 2000; Shusterman ¢t al.
1998, 2003b). Some of these studies, as detailed below, also included sensitive individuals. Collectively,
the results of these studies suggest that brief exposures to concentrations of chlorine <0.5 ppm do not
cause sensory irritation or significant alterations in pulmonary function tests, but exposure to >1 ppm
chlorine can induce transient respiratory and eye irritation and slight alterations in pulmonary function
tests. Evaluations of soldiers gassed during World War I provide information on the effects of acute
exposure to very high concentrations of chlorine and also on potentially persistent effects of acute
exposure (Berghoff 1919; DOA 1933; Meakins and Priestley 1919). Similar information is available in
many reports of accidental exposures to chlorine gas of workers and members of the general population
(i.e., Agabiti et al. 2001; Agency for Toxic Substances and Disease Registry 1998; Bonetto et al. 2006;
CDC 1991, 2005; Chasis et al. 1947; Chester et al. 1977; Hasan ct al. 1983; Schonhofer et al. 1996;
Sexton and Pronchik 1998; Weill et al. 1969). In both the war cases and the accidental exposures to
chlorine gas, the concentrations of chlorine were generally not known. These high exposure cases have
provided data on respiratory effects and on additional signs and symptoms of intoxication with chlorine
that are not due to a direct action of chlorine, but that probably represent reflex responses and/or general
responses to inflammation and stress that were caused by products of chloring’s reaction with bodily
fluids. Some of these responses include nausea, vomiting, headache, anxiety, alterations in blood

pressure, and leukocytosis.

The acute-duration database in animals is extensive, and includes a great number of studies conducted
after the use of chlorine as a chemical weapon during World War I (for review, see DOA [1933] and
Withers and Lees [1985b]). Most of the early studies provide information regarding lethal concentrations
of chlorine as well as descriptions of the pathology of the respiratory tract caused by exposure to
relatively high concentrations of chlorine. Although qualitatively informative, the early data do not meet

current guidelines for use in quantitative risk assessment. More recent studies in animals, mainly rodents,
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have confirmed the earlier findings regarding sensory irritation and pathological changes in the
respiratory tract (Barrow and Smith 1975; Buckley et al. 1984; Demnati et al. 1995; Jiang et al. 1983;
Leustik et al. 2008; Tian et al. 2008; Yildirim et al. 2004). In general, morphological alterations in the
nasal mucosa of rats and mice occurred with chlorine concentrations >5 ppm. Specific lowest-observed-
adverse-effect levels (LOAELSs) for sensory irritation in rodents are not available. However, in response
to exposure to irritant substances, a reflex mechanism allows rodents to decrease the respiratory rate as a
protective response (Alarie 1973). The concentration of the irritant that induces a 50% decrease in
respiratory rate has been termed RD;s, and is commonly used to compare the irritant potencies of
chemicals. This reflex reaction has also been demonstrated in humans, dogs, and cats (Alariec 1973).
Acute-duration inhalation studies provided very little information regarding end points other than those
involving the respiratory system. Body weight loss, which is due to reduced food consumption, was

reported in some studies (Dodd et al. 1980; Jiang et al. 1983).

Evaluation of the acute-duration inhalation database summarized above indicates that sensory irritation
and pulmonary function in humans are the most sensitive end points for exposure to chlorine and will
serve as the basis for derivation of an acute-duration inhalation MRL for chlorine. These findings were
reported in a group of studies that can serve as co-principal studies (Anglen 1981; D’ Alessandro et al.
1996; Rotman et al. 1983; Schins et al. 2000; Shusterman et al. 1998, 2003b). A detailed description of
these studies is provided in Appendix A.

Collectively, this group of studies provides evidence of sensory irritation and transient pulmonary
changes occurring in humans exposed to 1 ppm chlorine for up to 8 hours/day. The pulmonary changes
indicated increased airway resistance and reduced air flow. No such changes were reported in volunteers
exposed to 0.5 ppm chlorine (0.4 ppm in the D’ Alessandro et al. [1996]) study. The longest exposure
duration was 8 hours (Anglen 1981; Rotman et al. 1983). These studies also included sensitive
individuals: an atopic subject in the study by Rotman et al. (1983), subjects showing methacholine
hyperresponsiveness in the study by D”Alessandro et al. (1996), and subjects exhibiting seasonal allergic
rhinitis (Shusterman et al. 1998). Also of significance is the fact that Rotman et al. (1983) reported that
exposure to 1 ppm for 8 hours induced greater changes in pulmonary function tests than exposure to the
same concentration for 4 hours, suggesting that the response was related to duration in addition to
concentration. Given this information, an acute-duration inhalation MRL for chlorine can be derived by
duration adjustment of the no-observed-adverse-effect level (NOAEL) of 0.5 ppm for continuous
exposure (0.5 ppm x 8 hours/24 hours = 0.167 ppm) (8 hours was the longest period of exposure for

which there is information). Although sensitive individuals were tested in some of these studies, the
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number of individuals tested at the region of the NOAEL (0.4-0.5 ppm) was small. Therefore, an
uncertainty factor of 3 is used to account for sensitive populations. The resulting acute-duration

inhalation MRL for chlorine is 0.06 ppm (0.167 ppm/3).

e An MRL of 0.002 ppm has been derived for intermediate-duration inhalation exposure (15—
364 days to chlorine gas.

No human studies were available that could serve as the basis for derivation of an intermediate-duration
inhalation MRL. The animal database for intermediate-duration exposure to chlorine is limited to two
studies. In one study, male and female F344 rats were exposed to 0, 1, 3, or 9 ppm chlorine 6 hours/day,
5 days/week for 6 weeks (Barrow et al. 1979). In the other study, male and female F344 rats were
exposed to 0, 0.5, 1.5, or 5 ppm chlorine 6 hours/day, 5 days/week for 62 days (Kutzman 1983). Aside
from a reduction in final body weight of approximately 11% relative to controls in female rats exposed to
0.5 ppm chlorine (most likely due to reduced food consumption) in the Kutzman (1983) study, the most
sensitive target for chlorine exposure was the respiratory tract. Barrow et al. (1979) described
inflammation of the nasal turbinates in rats exposed to >1 ppm chlorine, whereas loss of cilia and
epithelium in the trachea was seen in rats exposed to >0.5 ppm in the Kutzman (1983) study. No
NOAELSs for respiratory effects were established in either study. Since incidences of animals with
respiratory lesions were presented in the Kutzman (1983) study, but not in the Barrow et al. (1979) study,
the Kutzman (1983) study was selected as the principal study for derivation of an intermediate-duration
inhalation MRL for chlorine (more complete descriptions of the end points evaluated and the reported

results in these studies can be found in Section 3.2 and Appendix A).

There were no significant exposure-related increases in the incidences of animals with histological lesions
in any of the examined tissues with the exception of a loss of cilia in the trachea (Kutzman 1983). The
incidences of slight to moderate loss of tracheal cilia were 1/23, 12/23, 4/23, and 13/23 inthe 0, 0.5, 1.5,
and 5 ppm exposure groups, respectively. Although the incidence for this lesion in the mid-exposure
group was not significantly different from the control incidence, a statistically significant (p=0.0055)
Cochran-Armitage trend test for these data can be demonstrated. However, when attempts were made to
apply dose-response models to the data, no adequate fits of EPA Benchmark Dose Software (BMDS)
models to the data were obtained (p-values for chi-square goodness of fit statistics were <0.1). Thus, the
LOAEL of 0.5 ppm was used as the point of departure for deriving an intermediate-duration inhalation
MRL for chlorine, after it was converted to a human equivalent concentration (HEC) using the EPA

cross-species dosimetric methodology (EPA 1994a) for a category 1 gas, as follows:
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LOAEL[HEc] = LOAEL[AD]] X RGDRTB

where:
LOAEL spy; = 0.5 ppm x 6/24 hours x 5/7 days = 0.09 ppm and
RGDR1g = ratio of the regional gas dose in rats to that of humans for the tracheobronchial region

RGDRy = (VE/SAm)a/ (VE/SAm)u

where:
VE = minute volume (0.137 L/minute for rats, 13.8 L/minute for humans [EPA 1994a]) and
SA s = surface arca of the tracheobronchial region (22.5 cm® for rats and 3,200 cm” for humans
[EPA 1994a))
LOAELc; = 0.09 ppm x (0.137 L/minute/22.5 em®) / (13.8 L/minute/3,200 cm®) = 0.14 ppm

Applying an uncertainty factor of 90 (3 for extrapolation from animals to humans with dosimetric
adjustment, 3 for the use of a minimal LOAEL, and 10 for human variability) to the LOAEL g yields
an intermediate-duration inhalation MRL of 0.002 ppm for chlorine.

e An MRL of 0.00005 ppm has been derived for chronic-duration inhalation exposure (365 days or
more) to chlorine gas.

There is no information regarding chronic-duration exposure of the general population to chlorine
because this type of exposure occurs only in occupational settings. There are few studies of chronically-
exposed workers in which there is some documentation regarding exposure levels and in which there is no
evidence, at least explicitly mentioned in the studies, of the workers having being subjected to acute
episodes of high exposure or “gassing” incidents. One of these studies involved 600 workers from

25 plants producing chlorine subjected to an evaluation of medical and occupational histories, blood and
uring tests, pulmonary function tests, and electrocardiogram (Patil et al. 1970). Exposure data were
available for 332 workers and showed a time-weighted average (TWA) 8-hour mean of 0.15+0.29 ppm
(range, 0.006-1.42 ppm). Evaluation of the 332 workers who had exposure data showed that none of the
end points examined (those subjected to recall or measured) showed a dose-response relationship. The
mean concentration of 0.15 ppm may be considered a NOAEL for the study, but limitations such as
unclear analytical methodology, no clear definition of the case/control populations, and insufficient detail
regarding the method of analysis render the NOAEL questionable. A respiratory health assessment of
392 male pulp mill workers exposed predominantly to a mean 8-hour TWA of 0.18 ppm chlorine (other
possible exposures included, sulfur dioxide, hydrogen sulfide, and methylmercaptan, in addition to
various particulates) found that, relative to a control group, the pulp mill workers complained more
frequently of usual phlegm, wheeze without cold, and chest illness (Enarson et al. 1984). However, the

most significant finding was that a subgroup of nonsmokers (n=4) had a significantly lower fixed
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expiratory flow rate at 25-75% vital capacity (FEF,s 75,) and forced expiratory volume in

1 second/forced vital capacity (FEV,/FVC) ratio than the control workers. Given the small number of
workers involved and the possibility of exposure to multiple chemicals, the validity of the 0.18 ppm as an
effect level is questionable. An additional issue to consider is that neither one of these studies seemed
adequate to detect possible mild alterations in the nasal cavity, a sensitive target of chlorine exposure in
humans and animals, as described in Sections 2.2 and 3.2.1.2. Due to the limitations mentioned above,

these long-term studies are insufficient for quantitative risk assessment.

There are only two chronic-duration inhalation studies of chlorine in animals. One is a 1-year study in
monkeys (Klonne et al. 1987) and the other is a 2-year bioassay in rats and mice (Wolf et al. 1995). Both
studies tested similar concentrations of chlorine (up to 2.3 ppm in monkeys and 2.5 ppm in rats and mice)
and evaluated multiple end points including respiratory tract histopathology, hematology, and clinical
chemistry. In both studies, the upper respiratory tract was the target for chlorine toxicity. In general,
lesions were less severe in the monkeys than in rats and mice, but extended more distally in the
respiratory tract. In rats and mice, an increased incidence of minimal to moderate alterations occurred
with the lowest exposure concentration tested, 0.4 ppm chlorine. In general, the nasal lesions were site-
specific, but the severity and/or incidence were not always concentration-dependent. Lesions observed
included respiratory and olfactory epithelial degeneration, septal fenestration, mucosal inflammation,
respiratory epithelial hyperplasia, squamous metaplasia, and goblet cell hypertrophy and hyperplasia, and
secretory metaplasia of the transitional epithelium of the lateral meatus. For the most part, monkeys
exhibited only mild concentration-related respiratory epithelial hyperplasia with focal loss of cilia over
the range of concentrations tested (0, 0.1, 0.5, and 2.3 ppm) and showed no evidence of the major nasal
lesions seen in rats and mice. These differences are probably related to species-specific respiratory-tract
airflow characteristics (Ibanes et al. 1996), which in turn, are determined by anatomical differences.
Moreover, rats and mice are obligatory nose breathers with a greater surface-area-to-volume ratio of the
upper respiratory tract than primates. Therefore, exposure of rodents and primates to equal concentrations
for equal amounts of time will likely result in greater pathological changes in the nasal area of the rodent
(Barrow et al. 1979). It appears, therefore, that primates are a better model to evaluate potential
respiratory effects in humans than rodents. For these reasons, the study in monkeys (Klonne et al. 1987)

was selected for deriving a chronic-duration inhalation MRL for chlorine.

In the principal study, male and female Rhesus monkeys (4/sex/exposure level) were exposed to 0, 0.1,
0.5, or 2.3 ppm chlorine 6 hours/day, 5 days/week for 1 year (Klonne et al. 1987). The only treatment-

related histopathological effects consisted of focal epithelial hyperplasia characterized by increased cell
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numbers and loss of cilia and goblet cells in the respiratory epithelium of the nose and trachea. The
affected arcas of the nasal passages showed hypercellularity with loss of goblet cells and cilia. In some of
these areas, the nuclei showed altered polarity. Lesions were more frequent on the angular margins of the
turbinates and less frequent on the lateral wall or septum adjacent to these margins. In some cases, the
respiratory epithelial hyperplasia was associated with mild suppurative inflammatory response. Lesions
in the trachea resembled those in the nose, but were less severe and involved only a small circumferential
section of the ventral and ventrolateral trachea. The combined incidences of hyperplasia in the nasal
epithelium with loss of goblet cells and cilia, characterized as trace and mild in males and females, were
1/8, 3/8, 6/8, and 8/8 in the control, 0.1, 0.5, and 2.3 ppm exposure groups, respectively. The exposure

concentration of 0.1 ppm is considered a minimal LOAEL for nasal lesions in monkeys.

Incidence data for nasal lesions in male and female monkeys exposed to chlorine gas (Klonne et al. 1987)
were analyzed using the benchmark dose (BMD) approach for MRL derivation (further details of the
modeling are presented in Appendix A) (EPA 2008a). Models in the EPA BMDS (version 1.4.1) (i.e.,
Gamma, Logistic, Log-logistic, Multi-stage, Probit, Log-probit, Quantal linear, and Weibull) were fit to
the nasal lesion data to determine potential points of departure for the MRL. A Quantal linecar model
provided the best fit to the data. From this model, the predicted exposure concentration associated with a
10% extra risk (BMC;,) for nasal lesions in monkeys was 0.04 ppm; the lower 95% confidence limit on
this concentration (BMCL,o) was 0.02 ppm. The monkey BMCL,, served as the point of departure for the
chronic-duration MRL, after it was converted to a HEC (BMCL, urc)) using the EPA cross-species
dosimetric methodology (EPA 1994a) for a category 1 gas, as follows:

BMCLIO[HEC] = BMCLlo[AD]] X RGDRET

where:
BMCLjapy; = 0.02 ppm x 6/24 hours x 5/7 days = 0.004 ppm and
RGDRgr = ratio of the regional gas dose in rats to that of humans for the extrathoracic region

where:

VE = minute volume 2.1 m*/day for monkeys, calculated using the allometric equation for
monkeys in EPA (1988) assuming a body weight of 7 kg for Rhesus monkeys with nasal
cavity surface area of 62 cm? (Gross and Morgan 1991); 20 m*/day for humans (EPA 1994a)
and

SAgr = 62 cm” surface area of the nasal cavity in Rhesus monkeys weighing 7 kg (Gross and
Morgan 1991); 200 cm® for humans (EPA 1994a)

RGDRgr = (2.1 m’/day / 62 cm?®) / (20 m*/day / 200 cm?) = 0.34
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BMCL gpszec; = 0.004 ppm x 0.34 = 0.00136 ppm

Applying an uncertainty factor of 30 (3 for extrapolation from animals to humans with dosimetric
adjustment and 10 for human variability) to the BMCLugc; yields a chronic-duration inhalation MRL of
0.00005 ppm for chlorine.

For the purpose of comparison, using the NOAEL/LOAEL approach would yield a chronic-duration
inhalation MRL of 0.00007 ppm for chlorine. This results from duration-adjusting the LOAEL of

0.1 ppm (0.1 ppm x 6/24 x 5/7 = 0.02 ppm) and then multiplying the LOAELspy by the RGDRg of

0.34 calculated above (LOAELygc) = 0.02 ppm x 0.34 = 0.007 ppm). Applying an uncertainty factor of
100 (10 for extrapolation from a LOAEL to NOAEL, 3 for animal to human extrapolation using
dosimetric adjustments, and 3 for human variability) to the LOAEL ) of 0.007 ppm would result in a
chronic-duration inhalation MRL of 0.00007 ppm for chlorine, which is very close to the MRL calculated
by benchmark analysis. If the LOAEL is considered a minimal LOAEL, then the composite uncertainty
factor would be 30 and the resulting MRL would be 0.0002 ppm, which is 4 times higher than the MRL

calculated by benchmark analysis.

Oral MRLs

Oral MRLs were not derived for hypochlorite solutions for the following reasons. MRLs are derived
when reliable and sufficient data exist to identify a target organ(s) of effect or the most sensitive health
effect(s) for a specific duration within a given route of exposure. Scientifically, as part of having
sufficient and reliable data, it is important to be able to see the full, or at least a significant range, of the
dose-response curve. In the case of the oral database for hypochlorite solutions, no reliable LOAEL could
be identified at levels of hypochlorite that could reasonably be encountered in the environment. Itisa
matter of policy of ATSDR not to derive free-standing MRLs. A summary of the oral database is

presented below.

Earlier acute-duration studies in animals tried to reproduce the lesions to the esophagus and/or stomach
due to ingestion of bleach. In most studies, commercial hypochlorite bleach was administered through a
tube directly into the esophagus and, in some cases, the distal end of the esophagus was artificially
occluded to prolong and control the contact time between the solution and the mucosa (Hook and Lowry
1974; Landau and Saunders 1964; Strange et al. 1951; Yarington 1970). Only three acute modern studies
in animals were available. Cunningham (1980) administered 0, 8, 40, or 200 ppm Cl/kg/day (as sodium
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hypochlorite) to Wistar rats (10 females/dose group) by gavage in milk for 14 days and reported that this
treatment had no significant effect on growth or on the weight of the brain, liver, kidney, or heart. No
other end points were evaluated. In a limited scope study, Meier et al. (1985) exposed male B6C3F; mice
(10/dose group) to 0, 1.6, 4, or 8 mg Cl/kg/day (from sodium hypochlorite or hypochlorous acid) for

5 days and reported that in mice treated with sodium hypochlorite and sacrificed 3 weeks after exposure,
there were significant increases in sperm abnormalities at 1.6, 4, and 8 mg Cl/kg/day (not clearly dose-
related), but no such increases were seen in mice sacrificed 1 or 5 weeks after exposure. In addition, no
increases in sperm abnormalities were seen in mice treated with hypochlorous acid, which the
investigators considered “somewhat surprising since hypochlorite should be converted to hypochlorous
acid in the acid pH of the stomach.” Furukawa et al. (1980) administered sodium hypochlorite in the
water to male and female F344 rats for 14 days and reported weight loss at approximately >36 mg
Cl/kg/day accompanied by marked reductions in water consumption. No histological evaluations were

conducted in this study.

Two human studies were located in the available intermediate-duration oral database. A study of limited
scope evaluated serum lipid profile and serum levels of thyroid hormones in volunteers who drank

1.5 L/day of distilled water containing 0 or 20 ppm chlorine (0 or 0.4 mg Cl/kg/day based on a mean body
weight of 71 kg from the study) for 4 weeks (Wones et al. 1993). No significant deviations from
normality were found. In the other study, consumption of water containing 5 mg/L chlorine
(approximately 0.036 mg Cl/kg/day) for 12 weeks by 10 volunteers had no significant effect on
hematology, serum chemistry, urinalysis, and additional physiological parameters (Lubbers et al. 1982).
Since the study did not control for non-experimental ingestion of chlorine by the volunteers, the actual

dose of chlorine cannot be estimated, but is likely to have been higher than 0.036 mg Cl/kg/day.

Few intermediate-duration studies in animals were located that examined a wide range of end points
following exposure to hypochlorite solutions chlorine. These studies showed that the main effect of
exposure to solutions of hypochlorous acid or sodium hypochlorite, particularly at the higher
concentrations levels, is a reduction of water intake that is due to taste aversion. The available
intermediate-duration oral studies evaluated systemic toxicity (body weight, tissue and organ
histopathology, hematology, clinical chemistry) (Abdel-Rahman et al. 1984; Cunningham 1980; Daniel et
al. 1990, 1991; Furukawa et al. 1980) and also provided information, albeit limited, on immunological/
lymphoreticular (organ weight and histopathology and limited immunocompetence) (Daniel et al. 1990,
1991; Exon et al. 1987), neurological (weight and histopathology of the brain and sciatic nerve) (Daniel et
al. 1990, 1991), reproductive (male and female reproductive organ weight and histopathology, fertility,
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and sperm parameters) (Carlton et al. 1986; Daniel et al. 1990, 1991), and developmental effects (fetal
viability and fetal weight in a gestation exposure study) (Carlton et al. 1986). None of the available
studies reported effects that could be attributed directly to chlorine or only reported effects that were
considered of unknown toxicological significance. LOAELs were not identified in the intermediate-
duration studies, but in on¢ of these studies, rats exposed to 4.1 mg Cl/kg/day (the highest dose tested) for
8 weeks showed a statistically significant reduction in delayed-type hypersensitivity reaction (DTH) to
bovine serum albumin, increased prostaglandin E2 synthesis by macrophages, and reduced oxidative

metabolism (Exon et al. 1987). The toxicological significance of these findings is unknown.

The highest NOAEL identified in intermediate-duration oral studies is 76 mg Cl/kg/day for reduction in
body weight gain in rats dosed with sodium hypochlorite in the drinking water for 13 weeks (Hasegawa et
al. 1986). Doses of 152 and 305 mg Cl/kg/day were associated with reductions in final body weight of
19 and 47%, respectively, relative to controls. This study, however, has serious limitations including no
reporting of food or water consumption and lack of presentation of data on other end points. Three other
13-week studies are available. Furakawa et al. (1980) administered up to approximately 85 mg Cl/kg/day
(from sodium hypochlorite) to F344 rats for 92 days and reported significant reductions in final body
weight males at 85 and 50 mg Cl/kg/day (19 and 46%, respectively) and in females at 84 mg Cl/kg/day
(30%) relative to controls. This was accompanied by significant reductions of up to 66% in water
consumption. Forthe most part, clinical chemistry hematology tests were unremarkable. Gross necropsy
showed bladder abnormalities (no further description) among all groups, while microscopic examination
showed endocardial hyperplasia and fibrosis of the myocardium in males and females dosed with 84 mg
Cl/kg/day. Daniel et al. (1990) exposed male and female Sprague-Dawley rats to chlorine in the drinking
water and evaluated a number of end points including organ histopathology, hematology, and clinical
chemistry. Daniel et al. (1991) conducted a similar study in male and female B6C3F; mice. In neither
study were there significant toxic effects that could be attributed to exposure to chlorine. However, in
both studies, water consumption was significantly decreased, particularly in the high-dose groups. In
high-dose male (16.7 mg/ Cl/kg/day) and female (24.9 mg Cl/kg/day) rats, water consumption was
reduced 36 and 38%, respectively; in high-dose male (34.4 mg Cl/kg/day) and female (39.2 mg
Cl/kg/day) mice, water intake was reduced 30 and 20%, respectively. The decrease in water intake,
which resulted in dehydration and possibly altered electrolyte balance, could explain the reductions in
weight gain and sporadic changes in hematological parameters, clinical chemistry, and organ weights
observed in both rats and mice. In the absence of effects that could be clearly attributed to chlorine

toxicity, the highest doses tested represent the NOAELSs for the studies; no LOAELs were defined.
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No chronic-duration human study of exposure to hypochlorous acid or sodium hypochlorite was located;
thus, a target for long-term exposure to chlorine in humans has not been identified. Three chronic-
duration studies were available, two in rats (Hasegawa et al. 1986; NTP 1992) and one in mice (NTP
1992). In the NTP (1992) study, the only treatment-related effect was a reduction in water consumption,
particularly at the higher dose levels of chlorine, which, as generally agreed, is due to taste aversion. All
three studies evaluated a comprehensive number of end points including hematology and clinical
chemistry and tissue and organ histopathology. The highest NOAEL was 133 mg Cl/kg/day for female
rats in the Hasegawa et al. (1986) study. However, final body weight in low- and high-dose females at
termination (104 weeks) was 11 and 20% lower, respectively, than in controls. Hasegawa et al. (1986)
stated that in females, the daily water intake was “somewhat lower” (no data provided) than in the other
groups during the first year, but that this trend was not observed during the second year. In addition, the
investigators indicated that in males, water intake was comparable among groups, except during the last
20 weeks of the study, during which time water intake was consistently 10-20% higher in the
experimental groups than in the controls. The latter seems to be inconsistent with findings in other
studies that reported marked reductions in water consumption at lower chlorine concentrations (i.c.,
Daniel et al. 1990, 1991; NTP 1992). In the NTP (1992) studies, F344 rats received doses of up to

14.4 mg Cl/kg/day and B6C3F; mice up to 24.2 mg Cl/kg/day for up to 2 years. No significant alterations

attributable to chlorine exposure were noticed in either species for a wide range of end points assessed.
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3.1 INTRODUCTION

The primary purpose of this chapter is to provide public health officials, physicians, toxicologists, and
other interested individuals and groups with an overall perspective on the toxicology of chlorine. It
contains descriptions and evaluations of toxicological studies and epidemiological investigations and

provides conclusions, where possible, on the relevance of toxicity and toxicokinetic data to public health.

A glossary and list of acronyms, abbreviations, and symbols can be found at the end of this profile.

3.2 DISCUSSION OF HEALTH EFFECTS BY ROUTE OF EXPOSURE

To help public health professionals and others address the needs of persons living or working near
hazardous waste sites, the information in this section is organized first by route of exposure (inhalation,
oral, and dermal) and then by health effect (death, systemic, immunological, neurological, reproductive,
developmental, genotoxic, and carcinogenic effects). These data are discussed in terms of three exposure

periods: acute (14 days or less), intermediate (15-364 days), and chronic (365 days or more).

Levels of significant exposure for each route and duration are presented in tables and illustrated in
figures. The points in the figures showing no-observed-adverse-effect levels (NOAELSs) or lowest-
observed-adverse-effect levels (LOAELSs) reflect the actual doses (levels of exposure) used in the studies.
LOAELSs have been classified into "less serious” or "serious" effects. "Serious" effects are those that
evoke failure in a biological system and can lead to morbidity or mortality (e.g., acute respiratory distress
or death). "Less serious" effects are those that are not expected to cause significant dysfunction or death,
or those whose significance to the organism is not entirely clear. ATSDR acknowledges that a
considerable amount of judgment may be required in establishing whether an end point should be
classified as a NOAEL, "less serious" LOAEL, or "serious" LOAEL, and that in some cases, there will be
insufficient data to decide whether the effect is indicative of significant dysfunction. However, the
Agency has established guidelines and policies that are used to classify these end points. ATSDR
believes that there is sufficient merit in this approach to warrant an attempt at distinguishing between
"less serious" and "serious" effects. The distinction between "less serious” effects and "serious" effects is
considered to be important because it helps the users of the profiles to identify levels of exposure at which

major health effects start to appear. LOAELs or NOAELSs should also help in determining whether or not
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the effects vary with dose and/or duration, and place into perspective the possible significance of these

effects to human health.

The significance of the exposure levels shown in the Levels of Significant Exposure (LSE) tables and
figures may differ depending on the user's perspective. Public health officials and others concemed with
appropriate actions to take at hazardous waste sites may want information on levels of exposure
associated with more subtle effects in humans or animals (LOAELSs) or exposure levels below which no
adverse effects (NOAELs) have been observed. Estimates of levels posing minimal risk to humans

(Minimal Risk Levels or MRLs) may be of interest to health professionals and citizens alike.

A User's Guide has been provided at the end of this profile (see Appendix B). This guide should aid in
the interpretation of the tables and figures for Levels of Significant Exposure and the MRLs.

This toxicological profile discusses health effects that result from exposure to chlorine gas. However,
ATSDR feels there is a need to inform the public about the role of chlorine in the process of disinfection
of water, namely, the production of hypochlorous acid and hypochlorite ion when chlorine is introduced
in water. As a way to inform the public, ATSDR has decided to include some information regarding the
health effects of hypochlorite solutions in the Profile for chlorine. For chlorine gas, the most important
route of exposure is inhalation. For hypochlorous acid and sodium hypochlorite, the most important

routes of exposure are oral and dermal.

3.21 Inhalation Exposure

3.21.1 Death

There is extensive information regarding the lethal effects of exposure to high concentrations of chlorine.
Much of the information available is derived from the use of chlorine gas as a chemical weapon at the
battle of Ypres, Belgium, during World War I. Approximately 150 tons of chlorine released from

6,000 cylinders killed, by some accounts, 800 soldiers and incapacitated 2,500-3,000 (Joy 1997). Ina
review of the effects of warfare gases, the U.S. Department of Army (DOA 1933) stated that of the total
70,752 casualties from gas poisoning in the American Expeditionary Forces, 1,843 were gassed with
chlorine. A study of 838 of these subjects revealed that 4 deaths were due to later-developing effects of
chlorine gassing. The causes of death were broncho-pneumonia, lobar pneumonia, purulent pleurisy, and
tuberculous meningitis. In an evaluation of the after effects of chlorine gassing in 700 members of the

First Canadian Division, Meakins and Priestley (1919) reported that five deaths had occurred, three
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apparently due to an acute pneumonic condition. One death occurred 5 months after exposure to chlorine
and, although the exact cause of death was unknown, the symptoms recorded were pain in the left chest,
dyspnea, orthopnea, and pronounced cyanosis. The concentration of chlorine to which the soldiers were

exposed during the gas attacks is unknown.

DOA (1933) summarized the pathology of chlorine exposure leading to death in 24 hours as follows: an
acute inflammation of the trachea and bronchi is followed by congestion and edema of the entire
respiratory tract. The edema and consolidation of the lungs lead to acute dilation followed by passive
congestion of the abdominal viscera. Acute death is the result of the pulmonary edema and respiratory
and cardiovascular failure. Subacute death is generally due to pulmonary infection with resulting
bronchitis and pneumonia (DOA 1933). Postmortem findings include: acute conjunctivitis, congestion of
abdominal organs (especially the liver), increased lung volume, fluid in the pleural cavity, mottled
appearance on lung surface with scattered areas of emphysema, pleural hemorrhage, perivascular edema,
and dilation of blood vessels, frothy fluid filling the trachea and bronchi, red mucous membranes, and

heart enlargement and dilated heart chambers (especially the right side) (DOA 1933).

There are also reports of deaths due to spills of chlorine gas to the environment following railroad
accidents. CDC (2005) reported that in January 2005, a train in South Carolina carrying chlorine tanker
cars collided with another train and an estimated 11,500 gallons of chlorine gas were immediately
released to the air causing the death of nine persons. The primary cause of death of those who died at the
scene was asphyxia (Van Sickle et al. 2009). Reported findings included congested lungs, pulmonary
edema, and tracheal and bronchial erythema. CDC (2005) also reported that a similar accident on

June 2004 in Texas released approximately 90,000 pounds of chlorine gas resulting in two fatalities
among residents near the site. Eight people died as a direct result of lung injury caused by exposure to
chlorine following a freight train accident in Florida in February 1978 (Jones ¢t al. 1986). A train
accident in San Luis Potosi, Mexico, in August 1981 caused the release of an unspecified amount of
chlorine gas, which caused the death of 14 people (Costero and Falcon Escobedo 1983). An 11-month-
old infant died after liquid chlorine spilled as a result of a derailment in La Barre, Louisiana, in January
1961 (Joyner and Durel 1962). The child died hours after exposure and the cause of death presumably
was massive pulmonary edema. Joyner and Durel (1962) indicate that 7 hours after the accident, levels of
400 ppm chlorine were measured in areas 75 yards from the wreck. Citing an unpublished report, Baxter
et al. (1989) stated that the rupture of a chlorine storage vessel in Romania in 1939 caused the death of
68 people.
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Dixon and Drew (1968) reported the case of a worker at a factory producing chlorine who was exposed to
chlorine gas that leaked from a faulty valve for about 30 minutes and died 3-3.5 hours later; postmortem
examination showed that pulmonary edema was the prime cause of death. Adelson and Kaufman (1971)
reported the death of two healthy adults 25 and 76 hours after being exposed to chlorine gas that leaked
into their home from a nearby water filtration plant while they were sleeping. An autopsy of the earlier
death showed congested and edematous lungs whose cut surfaces released substantial amounts of water
and frothy liquid on pressure, and injected tracheobronchial mucosa. Postmortem examination of the later
death showed a similar picture of the lungs with the additional findings of swollen brain with flattening of
convolutions and subarachnoid hemorrhage. Suzuki et al. (2001) reported the case of a worker who

inhaled concentrated chlorine gas and died from pulmonary thrombosis 6 days after exposure.

Using information on lethal effects of chlorine in animals and humans from the literature, Withers and
Lees (1985a) developed probit equations to derive a revised estimate of the lethal toxicity of chlorine that
considers physical activity, particularly inhalation rate, effectiveness of medical treatment, and the form
of the lethal toxic load function. The LCs, values for a 10-minute exposure with standard level of activity
were estimated at 433, 173, and 364 ppm for the regular, vulnerable, and average population,
respectively. For a 30-minute exposure, the corresponding LCs, values were estimated at 250, 100, and
210 ppm, respectively. Prater (1990) indicates that concentrations of 400 ppm can be lethal to humans in
30 minutes and that immediate death follows inhalation of a concentration of 1,000 ppm. Concentrations
between 1,000 and 1,200 ppm for 30 minutes are lethal to humans according to a review of earlier data

from various American authors by Withers and Lees (1985b).

Even more abundant information exists regarding lethal effects of chlorine in animals. For data regarding
work beginning with World War 1, the reader is referred to a review by Withers and Lees (1985b). Work
conducted at the U.S. Army’s Medical Research Laboratory of the Chemical Warfare Service cited by
DOA (1933) indicates that acute exposures to concentrations >870 ppm were usually lethal to dogs,
whereas concentrations below 656 ppm were rarely fatal. Additional studies also in dogs, also
summarized by DOA (1933), indicate that dogs that died within 24 hours of gassing showed severe injury
to the mucous membranes of the upper respiratory tract, congestion, and edema of the entire respiratory
tract including the peribronchial tissues and the sheaths of the large blood vessels. There was also acute
inflammatory reaction of the lungs that developed into pneumonia. In dogs dying 2—5 days after gassing,
the most important feature was the inflammatory process, whereas in dogs dying 5-14 days after gassing
death was due to pulmonary infection. Since the original sources were not available, these studies in dogs

are not listed in Table 3-1.



CHLORINE 29

3. HEALTH EFFECTS

Weedon et al. (1940) conducted lethality studies in unspecified strains of rats and mice. In a group of
eight rats exposed to 1,000 ppm chlorine, the first death occurred in 20 minutes and all were dead in

1.7 hours. The exposure level of 1,000 ppm was the LCs; in 53 minutes, and 250 ppm was the LCs, in
440 minutes. Rats that died immediately after exposure showed slight brain congestion; lungs distended
and hemorrhagic with cut surfaces wet and foamy; distended heart; liver congestion; distended and
hemorrhagic stomach; distended intestines; and congested kidneys. In mice, the first death occurred in
21 minutes, and all eight were dead in 50 minutes. The 1,000 ppm exposure level was a 28-minute LCs,
whereas 250 ppm was a 440-minute LCs,. Mice that died immediately after exposure had slight brain
congestion; lungs partly collapsed and hemorrhagic; moderately distended heart; liver congestion;

distended and hemorrhagic stomach; slightly distended intestines, and congested kidneys.

In lethality studies conducted by Zwart and Woutersen (1988), 5,484 ppm was a 5-minute LCs, in Wistar
rats, whereas 447 ppm was a 60-minute LCs,; in Swiss-Webster mice, 1,032 ppm was a 10-minute LCsy

and 516 ppm was a 30-minute LCs,.

In a different study in mice, a 10-minute LCs, of 302 ppm was calculated in intact mice and 131 ppm in
mice that were exposed via a cannula placed in the trachea, suggesting that the nose is an effective
scrubber of chlorine (Alarie 1981). In a study in mechanically-ventilated pigs, exposure to 140 ppm
chlorine for 10 minutes caused the death of four out of five pigs within 6 hours of exposure (Gunnarsson
ctal. 1998). Death was caused by cardiovascular failure triggered by a severe mismatching of ventilation
and perfusion. Additional information on lethal concentrations of chlorine in various animal species can

be found in World Health Organization (WHO 1982).

Lethality was also reported in an intermediate-duration study in rats (10/sex/exposure level) exposed to 1,
3, or 9 ppm 6 hours/day, 5 days/week for 6 weeks (Barrow et al. 1979). Three rats from the 9 ppm
exposure level group died before day 30 and had lesions consistent with chlorine exposure (widespread
inflammation of the respiratory tract with hyperplasia and hypertrophy of epithelial cells of the respiratory

bronchioles, alveolar ducts, and alveoli). The specific times of death were not reported.

The LOAEL values for death in each species and duration category are recorded in Table 3-1 and plotted
in Figure 3-1.



Table 3-1 Levels of Significant Exposure to Chlorine - Inhalation

Exposure/ LOAEL
Duration/
Key to Species Fr(?ouui:;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (ppm) {(ppm) (ppm) Chemical Form Comments
ACUTE EXPOSURE
Death
1 Rat 1 hr 293 (1-hour LC50) Vernot et al. 1977
(Sprague-
Dawley)
2 Rat 1 min - 16 hr 1000  (50% killed in 53 Weedon et al. 1940
(NS) minutes)
250  (50% killed in 440
minutes)
3 Rat 5-60 min 688  (30-minute LC50) Zwart and Woutersen 1988
(Wistar)
1926  (10-minute LC50)
5486  (5-minute LC50)
447  (60-minute LC50)
4 Mouse 10 min 302 M (10-minute LC50 Alarie 1981
(Swiss- followed by 3-hour
Webster) observation period)
5 Mouse 16 hr 1000  (50% killed in 28 Weedon et al. 1940
(NS) minutes)
250  (50% killed in 440

minutes)
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Table 3-1 Levels of Significant Exposure to Chlorine - Inhalation (continued)

Exposure/ LOAEL
Duration/
Key ta Species Frequency NOAEL Less Serious Serious Reference
p . (Route) .
Figure (Strain) System (ppm) (ppm) (ppm) Chemical Form Comments
8 Mouse 10-30 min 1032 (10-minute LC50) Zwart and Woutersen 1988
(Swiss-
Webster) 516  (30-minute LC50)
Systemic
- b
7 Human 4-8 hr Resp 05 1 (itching and burning of Anglen 1981
nose and throat; altered
pulmonary function)
Ocular 0.5 1 (eye irritation)
8 Human 1 hr Resp 0.4 1 (transient alterations in D'Alessandro et al. 1996
pulmonary function tests)
b
8 Human 8hr Resp 05M 1 M (changes in pulmonary Rotman et al. 1983
function tests; runny
nose; throat burning)
Ocular 05M 1 M (eye irritation)
10 Human g g y Resp 0M Schins et al. 2000 NOAEL is for
T pulmonary function.
1 Human 15 min Resp 08 Shusterman et al. 1998 NOAEL is for nasal

airway resistance and
pulmonary peak flow.
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Table 3-1 Levels of Significant Exposure to Chlorine - Inhalation

(continued)

Exposure/ LOAEL
Duration/

Key tg Species Fr(?ouui:;:y NOAEL Less Serious Serious Reference

Figure (Strain) System (ppm) (ppm) (ppm) Chemical Form Comments

12 Human 15 min Resp 1 (increased nasal airway Shusterman et al. 2003b

resistance)

13 Ra.t 10 min Resp 25 M (50% decrease in Barrow and Steinhagen 1982
(Fischer- 344) respiratory rate, RD50)

14 Rat 210 min Resp 100M 200 M (slight perivascular Demnati et al. 1995 NOAEL and LOAEL
(Sprague- edema in the lung) are for 2-minute
Dawley) exposure and

evaluation 72 hours
later.

15 Rat 1-10d .

i Resp 12 M (swelling of the nose and Dodd et al. 1980
~ 5 diwk ;
(Fischer- 344) 5 hrid wheezing)
Ocular 12 M (swelling around the
eyes)
Bd Wt 12 M (approximately 20%

weight loss)
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Table 3-1 Levels of Significant Exposure to Chlorine - Inhalation (continued)
Exposure/ LOAEL
Duration/

Key tg Species Fr(?ouui:;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (ppm) (ppm) (ppm) Chemical Form Comments
16 Ra.t é-ﬁr?d Resp 9.1 M (erosion and ulceration of Jiang et al. 1983

(Fischer- 344) olfactory epithelium)

Bd Wt 9.1 M (13% weight loss on day
S

17 Rat 30 min Resp 184 M (histological and Leustik et al. 2008

(Sprague- biochemical evidence of

Dawley) lung injury)
18 Rat 1-12hr Resp 25M 5M (reduced total sulfydryl McNulty et al. 1983

(Fischer- 344) content in nasal

respiratory epithelium
after 6-hour exposure)

19 Rat 15 min Resp 1330 M (pulmonary edema and  Yildirim et al. 2004

(DSa?/;IaegyL;e- hemorrhage)
20 Mouse 10 min Resp 9.3 M (50% reduction in Barrow et al. 1977

\(/?/Zvl;z?ér) respiratory rate, RD50)
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Table 3-1 Levels of Significant Exposure to Chlorine - Inhalation (continued)
Exposure/ LOAEL
Duration/
Key to Species Frequency NOAEL Less Serious Serious Reference
. . (Route) i
Figure (Strain) System (ppm) (ppm) (ppm) Chemical Form Comments
21 Mouse g gr/d Resp 9.3 M (exfoliation, erosion, Buckley et al. 1984
(Swiss- ulceration, necrosis of
Webster) nasal respiratory
epithelium)
22 Mousg 60 min Resp 3.5 M (50% reduction in Gagnaire et al. 1994
(Hybrid) respiratory rate, RD50)
23 MOL!se 1-5d Resp 9.1 M (erosion and ulceration of Jiang et al. 1983
(Swiss- 6 hr/id itheli
the olfactory epithelium)
Webster)
Bd Wt 9.1 M (21% weight loss on day
5)
24 Mous.e S min Resp 100 M (flattening of pulmonary Martin et al. 2003
(Hybrid) epithelium)
25 Mouse 15 min Resp 23 F (50% decrease in Morris et al. 2005
(CS7BL/6N) breathing frequency,
RD50)
26 Mouse 60 min Resp 221  (biochemical and Tian et al. 2008
(C57BL/6N) histological evidence of

lung injury)
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Table 3-1 Levels of Significant Exposure to Chlorine - Inhalation (continued)

Exposure/ LOAEL 9
Duration/ o
Key tg Species Fr(?ouui:;:y NOAEL Less Serious Serious Reference g
Figure (Strain) System (ppm) (ppm) (ppm) Chemical Form Comments m
27 Rabbit 30 min Resp 50 100  (pulmonary edema Barrow and Smith 1975
(NS) followed by emphysema)
INTERMEDIATE EXPOSURE
Death
28 Rat Sk 9 (death in 3/10 before day Barrow et al. 1979
(Fischer- 344) 6 hrid 30 of exposure)
Systemic
w
29 Ra.t g\c,i\%vk Resp 1 F (inflammation of nasal 9 (erosion of nasal Barrow et al. 1979 T
(Fischer- 344) & hrid turbinates) mucosal epithelium) m
5
T
Gastro 3 9 (focal erosion of gastric E
mucosa) m
¢]
_|
w
Hemato 5 9 (increased hematocrit in
females and segmented
neutrophils in males)
Hepatic 1 3  (cytoplasmic vacuolation
of hepatocytes)
Renal 3 9 (slight to moderate
kidney congestion)
Ocular 1 3 (ocular irritation)
Bd Wt 1 3 F (15% decreased final 9 M (43% decreased final

weight)

weight)

se



Table 3-1 Levels of Significant Exposure to Chlorine - Inhalation (continued)

Exposure/ LOAEL
Duration/
Key tg Species Fr(?ouui:;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (ppm) (ppm) (ppm) Chemical Form Comments
(o
30 Ra.t gzd?wk Resp 0.5 M (loss of cilia and 5 (severe upper respiratory Kutzman 1983 NOAELs are for organ
(Fischer- 344) 2 L g epithelium in the irritation) histopathology.
trachea)
Cardio 5
Hepatic 5M
Renal 5M
Ocular 0.5 1.5 (occasional signs of eye 5 (severe eye irritation)
irritation)
Bd Wt 0.5F (final weight 11% lower 5F (weight loss; final weight
than controls) 32% lower than controls)

Immuno/ Lymphoret

31 Rat 62d 5 Kutzman 1983 NOAEL is for
(Fischer- 344) 5 d/wk histopathology of
6 hr/d spleen and
peribronchial lymph
nodes.
Neurological
32 Rat 62d 5 Kutzman 1983 NOAEL is for
(Fischer- 344) 5 diwk histopathology of the
6 hr/d brain.

Reproductive

33 Rat 62d 5 Kutzman 1983 NOAEL is for fertility in
(Fischer- 344) S diwk males and females and
6 hr/d sperm morphology.
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Table 3-1 Levels of Significant Exposure to Chlorine - Inhalation

(continued)

Exposure/ LOAEL
Duration/
Key tg Species Frequency NOAEL Less Serious Serious Reference
p . (Route) .
Figure (Strain) System (ppm) (ppm) (ppm) Chemical Form Comments
CHRONIC EXPOSURE
Systemic
34 Monkey I Resp 0 (minimal nasal epithelial Kionne et al. 1987 NOAELS are for organ
(Rhesus) & hrid hyperplasia) histopathology.
Cardio 23
Gastro 23
Hemato 23
Musc/skel 23
Hepatic 23
Renal 23
Endocr 23
Dermal 23
Ocular 0.5 2.3  (conjunctival irritation)
Bd Wt 23
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Table 3-1 Levels of Significant Exposure to Chlorine - Inhalation

(continued)

Exposure/ LOAEL
Duration/
Key tg Species Frequency NOAEL Less Serious Serious Reference
Figure (Strain)  (Route) Chemical F
9 System (ppm) (ppm) (ppm) emical Form Comments
5 Rat M2 Y0 S AWK Regp 04 (alterations of minimal Wolf et al. 1995 NOAELS are for gross
(Fischer- 344) © hr severity in nasal and microscopic
F:2yr, 3 diwk, epithelium) pathology of organs
6 hr/d and tissues.
Cardio 25
Gastro 25
Hemato 25
Musc/skel 25
Hepatic 25
Renal 25
Endocr 25
Dermal 25
Ocular 25
Bd Wt 25
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Table 3-1 Levels of Significant Exposure to Chlorine - Inhalation

(continued)

Exposure/ LOAEL
Duration/
Key tg Species Fr(?ouui:;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (ppm) (ppm) (ppm) Chemical Form Comments
36 Mouse g Zi?wk Resp 0.4 (minimal to moderate Wolf et al. 1995 NOAELS are for gross
(BBC3F1) & hrid alterations in the nasal and microscopic
epithelium) pathology of organs
and tissues.
Cardio 25
Gastro 25
Hemato 25
Musc/skel 25
Hepatic 25
Renal 25
Endocr 25
Dermal 25
Ocular 25
Bd Wt 25
Immuno/ Lymphoret
37 Monkey 1yr 53 Kionne et al. 1987 NOAEL is for
(Rhesus) S diwk histopathology of lymph
6 hr/d nodes and spleen.
38 Rat M: 2yr, 5 diwk, 95 Wolf et al. 1995 NOAEL is for gross and
(Fischer- 344) 6 hr/d microscopic pathology
F:2yr, 3 diwk, of lymphoreticular
6 hr/d tissues.
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Table 3-1 Levels of Significant Exposure to Chlorine - Inhalation

(continued)

Exposure/
Duration/
Key ta Species Fr(;‘lueincy NOAEL Less Serious Reference
Figure (Strain) (Route) System (ppm) Chemical Form Comments
39 Mouse 2yr 55 Wolf et al. 1995 NOAELs are for gross
(B6C3F1) g ﬂ/\/'ék and microscopic
T
pathology of
immunoreticular organs
and tissues.
Neurological
40 Monkey 1yr 53 Kionne et al. 1987 NOAEL is for
(Rhesus) 5 diwk histopathology of
6 hr/d central and peripheral
components of the
nervous system.
41 Rat M: 2yr, 5 diwk, 95 Wolf et al. 1995 NOAEL is for gross and
(Fischer- 344) I(:_E h2r/d 3 dwk microscopic pathology
12yr, wK, of central and
6 hr/d peripheral components
of the nervous system.
42 Mouse 2yr 55 Wolf et al. 1995 NOAELs are for gross
(B6C3F1) 5 diwk : and microscopic
6 hr/d pathology of the brain,
spinal, and sciatic
nerve.
Reproductive
43 Monkey 1yr 53 Kionne et al. 1987 NOAEL is for
(Rhesus) g ﬂ/\/'ék histopathology of
T

reproductive organs
and tissues.

S103443 HLIVIH €

INIHOTHD

or



Table 3-1 Levels of Significant Exposure to Chlorine - Inhalation (continued)

Exposure/ LOAEL
Duration/
Key tg Species Fr(?ouui:;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (ppm) (ppm) (ppm) Chemical Form Comments
44 Rat M: 2yr, 5 diwk, 95 Wolf et al. 1995 NOAEL is for gross and
(Fischer- 344) 6 hr/d microscopic pathology
g:hZ/)c/‘r, 3 d/wk, of reproductive organs.
T

a The number corresponds to entries in Figure 3-1.

b Used to derive an acute-duration inhalation minimal risk level (MRL) of 0.06 ppm; the MRL was derived by adjusting the NOAEL of 0.5 ppm for continuous exposure (0.5 ppm x
8/24) and dividing by an uncertainty factor of 3 to account for human variability.

¢ Used to derive an intermediate-duration MRL of 0.002 ppm; the MRL was derived by dividing the LOAEL[HEC] of 0.14 ppm by an uncertainty factor of 90 (3 for extrapolation from
animals to humans with dosimetric adjustment, 3 for use of a minimal LOAEL, and 10 for human variability).

d Used to derive a chronic-duration inhalation MRL of 0.00005 ppm; the MRL was derived by dividing the BMCL10[HEC] of 0.00136 ppm by an uncertainty factor of 30 (3 for
extrapolation from animals to humans with dosimetric adjustment and 10 for human variability).

Bd Wt = body weight; Cardio = cardiovascular; d = day(s); Endocr = endocrine; F = Female; Gastro = gastrointestinal, Hemato = hematological; hr = hour(s); Immuno/Lymphoret =
immunological/lymphoreticular; LC50 = lethal concentration, 50% kill, LOAEL = lowest-observed-adverse-effect level; M = male; min = minute(s); Musc/skel = musculoskeletal;
NOAEL = no-observed-adverse-effect level; NS = not specified; occup = occupational; ppm = parts per million; RD50 = 50% decrease in respiration rate; Resp = respiratory; wk =
week(s); yr = year(s)
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Figure 3-1 Levels of Significant Exposure to Chlorine - Inhalation
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Figure 3-1 Levels of Significant Exposure to Chlorine - Inhalation (Continued)
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Figure 3-1 Levels of Significant Exposure to Chlorine - Inhalation (Continued)
Chronic (=365 days)
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Figure 3-1 Levels of Significant Exposure to Chlorine - Inhalation (Continued)
Chronic (=365 days)
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3. HEALTH EFFECTS

3.2.1.2 Systemic Effects

The highest NOAEL and all reliable LOAEL values from each study for systemic effects in each species

and duration category are recorded in Table 3-1 and plotted in Figure 3-1.

Respiratory Effects. The respiratory system, particularly the upper portion of the respiratory system,
is the target for exposure to chlorine gas, and there is a considerable amount of information to support this
observation. Chlorine is a respiratory irritant and its effects depend on its concentration, as well as the

duration of exposure and the water content of the tissue involved.

Table 3-2 lists clinical effects associated with exposure concentrations compiled from epidemiological
and toxicological studies by Ellenhorn and Barceloux (1988). Whether acute exposure to high levels of
chlorine induces long-term respiratory effects is still a matter of debate. As mentioned below, some
studies have reported a clinical picture of persistent airflow obstruction as well as increased bronchial
reactivity, while many others have not found significant persistent alterations. There are many factors
that can determine whether residual effects are detected, including exposure level and duration of
exposure, medical treatment following exposure, length of the follow-up, underlying respiratory disease,
and smoking status. The preponderance of the evidence suggests that no serious long-term respiratory
alterations result from acute exposure to low to moderate (up to approximately 20 ppm) concentrations of

chlorine gas.

Effects caused by several types of exposures are summarized below including exposure to high
concentrations as it occurred during gassing attacks in World War I, accidental exposures of the general
population, occupational exposures, and acute, low-level, controlled exposure in volunteers. Information
on odor perception is also summarized. Due to the high volume of studies in some of these categories,

representative examples are presented.

Odor Perception. A study in which a trained odor panel of four members was exposed to chlorine under
controlled laboratory conditions reported that the first concentration at which all members cold detect the
odor was 0.314 ppm (Leonardos et al. 1968). Ryazanov (1962) reported that the odor threshold of a
group of volunteers was 0.3-0.4 ppm. In a study by Rupp and Henschler (1967), chlorine was slowly

introduced to a test room so that the concentration increased from O to 1.3 ppm in a 50-minute period.
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Table 3-2. Acute Effects of Chlorine Exposure on the Respiratory Tract of

Humans

47

Concentration (ppm)

Effects

0.2-35
1-3
5-15
30
40-60
430
1,000

Odor detection

Mild mucous membrane irritation tolerated up to 1 hour
Moderate irritation

Immediate chest pain, dyspnea, cough

Toxic pneumonitis and pulmonary edema

Lethal over 30 minutes

Lethal within minutes

Source: Ellenhorn and Barceloux 1988
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The odor of chlorine was first detected at 0.06 ppm and all the subjects (number not specified) could
smell 0.2 ppm chlorine. In a summary of information on odor perception, NIOSH (1976) states that
Stayzhkin reported a threshold of 0.2 ppm for chloring in a group of 12 subjects who were asked to
discern clean air from chlorine by inhaling from two tanks and that Beck found that subjects who were
exposed to increasing concentrations of chlorine the length of time of perception was positively related to
the exposure concentrations (i.¢., the perception of higher concentrations lasted longer than that of low
concentrations suggesting that tolerance to low chlorine concentrations may develop). In general, there
seems to be consensus that the mean odor threshold lies between 0.2 and 0.4 ppm, which is between

1/25 and 1/50 of the concentration considered to represent immediate danger to life and health of 10 ppm
(NIOSH 2005). This means that individuals with a normal sense of smell should be able to take

appropriate avoidance measures before serious health effects due to chlorine exposure can occur.

War Exposures. A review of the effects of chlorine as a result of its use during World War I indicates
that subjects exposed to very high concentrations (not specified, but presumably >100 ppm) experienced
burning of the throat, cough, and feeling of suffocation, dyspnea, and usually death within 24 hours of
acute pulmonary edema (DOA 1933). Those surviving 48 hours usually recovered, but bronchitis
persisted for weeks and, in some cases, there was evidence of pulmonary emphysema. Data summarized
by DOA (1933) on studies that evaluated residual effects indicate that bronchitis and asthma were
common months to years after gassing. Dyspnea and chest pain after exercise were also frequent
complaints. Citing a study of 838 U.S. soldiers who had been subjected to chlorine gassing, DOA (1933)
states that 9 soldiers were discharged due to conditions attributable to gassing; these conditions included
pulmonary tuberculosis, bronchitis, pleurisy, and dyspnea. An additional 39 cases were found to have
been disabled at the time of discharge, and bronchitis and pleurisy were among the disabling conditions.
The extent to which these residual effects were truly due to chlorine gassing is difficult to ascertain due to
lack of information on pre-existing conditions, smoking status, and even factors such as the climatic

conditions that existed at the time.

Exposures of the General Population. There is considerable information on the effects of exposures of
the general population to chlorine derived from various types of situations, including storage tank leaks,
railroad accidents, mishandling of bleach cleaning solutions, accidents involving swimming pool
chemicals, and accidents in high school chemistry laboratories. Representative examples are summarized

below.
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Chasis et al. (1947) provided a comprehensive description of immediate and delayed respiratory effects in
a group of subjects exposed to chlorine that leaked from a defective cylinder that was carried in a truck in
Brooklyn, New York. The accident involved several hundred people. Although the exposure
concentration was not known, it was high enough to cause a visible cloud. Chasis et al. (1947) report on
33 persons admitted to a local hospital. Immediate symptoms included rhinorrhea, cough, choking
sensation, and substernal burning, pain, and constriction. Substernal pain, burning, and constriction, and
choking sensation were present within 2 hours of exposure and, in most patients, subsided completely
within 72 hours. Respiratory distress subsided within 3 days in 27 patients and within 6 days in

5 patients. During the first week, almost all 33 patients complained of substernal soreness, which was
interpreted as indicating the presence of tracheobronchitis. Physical examination on admission revealed
acutely ill patients in moderate to marked respiratory distress, increased respiratory rate of costal
abdominal type, and both dry and moist rales. Laboratory data showed sputum with large numbers of
epithelial cells showing pronounced degenerative changes. Most cultures showed microorganisms
representative of the normal pharyngeal flora. Chest x-rays showed mottling of the lungs and patches of
irregular density and differences in the degree of acration between the two pulmonary fields. Spirometry
was conducted on 8 patients 48 hours after exposure and showed markedly reduced vital capacity (VC)
and maximal breathing capacity (1 minute); these changes showed improvement in subsequent days. The
diagnosis of pulmonary changes was: pulmonary edema, tracheobronchitis, and pneumonia. In

29 patients who were followed for up to 16 months after exposure, there was no evidence of permanent

pulmonary disease.

Hasan et al. (1983) reported that exposure of 28 subjects to chlorine that leaked from a storage tank
caused cough, dyspnea, and nasopharyngeal irritation. Pulmonary tests conducted 18 hours after
exposure showed diminished forced expiratory volume in 1 second (FEV;), and low forced expiratory
flow rate at 50 and 25% vital capacity (FEFs, and FEF,s) and FEF,5 75, These abnormalities were still
present 14 days after exposure in subjects whose chief initial complaint was dyspnea. Evaluation of nine

subjects 5 months after chlorine exposure showed pulmonary parameters within normal limits.

In contrast to the findings of the above two studies, some studies have reported long-term effects of acute
high chlorine exposure. For example, Chester et al. (1977) reported the case of a woman who was
exposed following a leak in a liquid storage tank and suffered severe cough and chest pain within minutes
after exposure. Chest x-rays at the time showed bilateral infiltrates in the midpulmonary zones, but 1 year
after the accident x-rays were normal. However, dyspnea and chronic cough with occasional production

of white to yellow sputum persisted over the next 4 years. Schonhofer et al. (1996) studied three cases
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that experienced nose and throat irritation, cough, shortness of breath, wheezing, chest tightness, and a
feeling of suffocation minutes after exposure to chlorine gas that leaked from a tank. Chest x-rays
showed no evidence of pulmonary edema. Four months after the accident, bronchoalveolar lavage
showed inflammatory changes, but no such changes were seen 16 months later. However, moderate to
severe bronchial hyperresponsiveness was observed up to 30 months after the accident. Schénhofer et al.
(1996) noted that the condition showed the typical feature of the reactive airways dysfunction syndrome
(RADS), defined as an asthma-like occupational illness after an acute exposure to concentrated

respiratory irritants characterized by increased responsiveness to methacholine (Brooks et al. 1985).

Weill et al. (1969) studied 12 subjects who were exposed to chlorine after the derailment of a tank car
containing 30 tons of liquid chlorine near the town of Morganza, Louisiana. Chlorine concentrations of
400 ppm were measured 75 yards from the wreck 7 hours after the accident. Immediate effects included
shortness of breath, cough, and x-rays revealed pulmonary edema. Three and/or 7 years after the
accident, all patients were free of respiratory symptoms and pulmonary tests, including total lung capacity
(TLC), VC, residual volume (RV), FEV, and single-breath diffusing capacity for carbon monoxide
(DLo) were within 2 standard deviations of the predicted value. Weill et al. (1969) concluded that acute
exposure to chlorine does not result in significant permanent lung damage. A previous account of this

accident was given by Joyner and Durel (1962).

The Agency for Toxic Substances and Disease Registry (1998) conducted a health assessment of a
population in Alberton, Montana after tanker cars derailed and released chlorine gas, solid sodium
chlorate, and potassium cresylate. Readings at the site of the accident occasionally reached 1,000 ppm,
but it was estimated that members of the community had been exposed to up 20 ppm chlorine. Analysis
of soil and wipe samples determined that chemicals other than chlorine had not migrated offsite. A total
of 682 persons were interviewed within 2 weeks of the accident. The most frequent conditions were
cough, nose and throat irritation, and difficulty breathing. The report also indicates that children aged 0—
5 years had the highest prevalence of respiratory infections, that persons who had previous respiratory
problems (i.c., asthma, chronic bronchitis, hay fever) reported a higher prevalence of respiratory health
problems, and that the reported frequencies of respiratory symptoms were higher among current and

former smokers than in nonsmokers.

Accidental domestic exposure to chlorine gas can occur when bleach (sodium hypochlorite) is mixed with
other cleaning substances that contain an acid, for example, phosphoric acid cleaners (used to remove

hard water deposits); the chemical reaction generates chlorine gas. Many such incidents have been
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reported. For example, CDC (1991) reported five episodes in which subjects experienced nose irritation,
sore throat, chest tightness, cough, and difficulty breathing; in most cases, respiratory symptoms subsided
within a day. Gapany-Gapanavicius et al. (1982) reported two similar cases in which subjects inhaled
chlorine after mixing bleach and hydrochloric acid and immediately experienced a burning sensation in
the throat, cough, and shortness of breath. Chest x-rays taken hours after the accident showed air in the
mediastinal space (space in the middle of the chest separating the two pleurae), probably the result of
severe coughing, which resolved 7-10 days after the accident. None of these cases were followed to
evaluate possible long-term effects. Additional information from similar exposure scenarios can be found

in a review by Mrvos et al. (1993).

Chlorine gas can be released around swimming pools when chlorinating agents are handled improperly or
due to malfunction of the chlorination equipment, which underscores a strong need for training pool

owners and operators in pool maintenance. Pertinent information can be found in CDC (2009).

Sexton and Pronchik (1998) described the effects of such an exposure on 13 children who presented to the
emergency department. On admission to the emergency department, most patients complained of throat
irritation, chest pain, shortness of breath, wheezing, and chest tightness. Five patients who were admitted
to the hospital had normal chest x-rays. At follow-up interviews 2 weeks later, the patients did not
complain of residual respiratory symptoms. Ploysongsang et al. (1982) studied four patients who inhaled,
for 2-5 minutes, an undetermined amount of chlorine gas that leaked from a container at a public
swimming pool and experienced cough, a feeling of irritation of the upper respiratory tract, and tightness
in the chest. Pulmonary function studies conducted 12—14 hours after the accident showed values within
normal ranges. However, tests done 1 month later showed a significant increase in measurements of
volumes, suggesting that there had been an acute reduction of lung volumes after the exposure.
Ploysongsang et al. (1982) concluded that exposure to chlorine had produced an insignificant and
inconsistent obstruction in large airways. Agabiti et al. (2001) reported the effects of accidental
inhalation of chlorine gas among a total of 282 subjects attending a pool. Cough and shortness of breath
were common acute symptoms after the accident and 27% reported some respiratory symptoms 15—

30 days after exposure. Lung function measurements at that time revealed a tendency to lower levels
among those with the highest perceived exposure, but only a decrease in FEV, was significant. The study
also found that among children (approximately half the sample), the incidences of all symptoms tended to
be higher among those who had a history of chronic respiratory disease, among those who were engaged
in physical exercise when the accident occurred, among those who were slow to evacuate the pool, and

among those who reported higher exposure (as judged by eye irritation). Also, incidences were higher
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among smokers and former smokers than among never smokers. A recent study of 18 children exposed to
chlorine in a swimming pool accident found that a biomarker of pulmonary inflammation, leukotriene B,,
was still significantly increased in exhaled breath condensate 2 months after exposure, long after
pulmonary function parameters had returned to normal values (Bonetto et al. 2006). Immediately after
exposure, the children had experienced dyspnea and burning of the throat and spirometry tests done
within the first 24 hours showed reduced forced vital capacity (FVC) and FEV;. The authors also found
that hours after exposure a Clara cell-specific protein, CC16, was significantly elevated in serum
compared to non-exposed children, and suggested that this may be interpreted as a sign of injury to the
lung epithelial permeability barrier. Transient increases in serum CC16 have been reported following
exposure to certain pulmonary irritants (see Lakind et al. 2007 for review). Additional information
regarding swimming pool accidents can be found in Almagro et al. (2008), Babu et al. (2008), Grasemann

etal. (2007), and Thomas and Murray (2008).

Controlled Low-level Exposure of Volunteers. Anglen (1981) exposed up to 29 male and female
volunteers to 0, 0.5, 1, or 2 ppm chlorine for either 4 or 8 hours. Sensations were recorded before and
during exposure and pulmonary function was monitored by measuring FVC and FEV, before and at
various times during exposure. Itching and burning of the throat were the highest responses and were
most prevalent by the end of an 8-hour exposure to 1 ppm chlorine. Responses for sensations of itching
or burning of the nose and eyes were also prevalent at 1 ppm chlorine. In general, males provided
stronger irritation responses than females. Exposure to 1 or 2 ppm chlorine for 8 hours produced
significant changes in pulmonary function but similar exposures to 0.5 ppm did not. Exposure to 2 ppm
for up to 30 minutes produced no increase in subjective irritation and exposure to 2 ppm for 2 hours did
not alter pulmonary function. In another study from the same group of investigators (it is unclear whether
a follow-up to Anglen [1981] or a separate study), eight healthy male volunteers exposed to target
concentrations of 0, 0.5, or 1 ppm chlorine (Rotman et al. 1983). Pulmonary tests were conducted before
exposure, after a 4- and 8-hour exposure period and again 2 and 24 hours after exposure ceased. During
exposure, the subjects exercised on a treadmill for 15 minutes of each hour to simulate light-to-moderate
work that raised the heart rate to 100 beats per minute. Specific respiratory parameters measured
included FVC, FEV,, forced expired volume in 1 second as percent FVC (FEV,%), peak expiratory flow
rate (PEFR), FEF;, and FEF,s, TLC, expiratory reserve volume (ERV), functional residual capacity
(FRC), residual volume, airway resistance (Raw), single-breath DL, closing volume, and difference in
nitrogen concentrations between 750 and 1,250 mL of inhaled vital capacity (AN,). Exposure to 1 ppm
chlorine caused runny nose and mild burning in the throat, but no such effects were reported at 0.5 ppm.

Significant changes in pulmonary function tests were mostly restricted to the 1 ppm exposure level and
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were evident after 4 hours of exposure. Changes were observed in FEV,, PEFR, FEFs,, FEF,;, TLC,
Raw, and AN,. Greater changes in some of these parameters were seen after 8 hours of exposure. Few
changes were still evident 24 hours after exposure, but most parameters had returned to pre-exposure
values by that time. It should be noted that one volunteer who was atopic experienced severe distress
during exposure to 1 ppm and was forced to exit the chamber before the full 8-hour period due to

shortness of breath and wheezing.

D’Alessandro et al. (1996) evaluated pulmonary function in subjects with (n=10) and without (n=5)
airway hyperresponsiveness (HR, defined by baseline methacholine hyperresponsiveness). The HR
subjects were exposed to 0.4 or 1.0 ppm chlorine, whereas the healthy subjects were exposed to 1.0 ppm
chlorine. All exposures lasted 60 minutes. Airflow and airway resistance were measured immediately
before and immediately after exposure. Also, lung volumes, airflow, diffusing capacity, airway
resistance, and responsiveness to methacholine were measured 24 hours before and 24 hours after
exposure. Exposure of the HR group to 0.4 ppm chlorine resulted in no significant change in airflow or
resistance either immediately or 24 hours after exposure. Exposure to 1.0 ppm chlorine resulted in an
immediate decrease in FEV, and FEF,; 75, and increase in airway resistance among normal and HR
subjects, but the magnitude of the effects among HR subjects was significantly greater than in healthy
subjects. Twenty-four hours after exposure, there were no significant changes for healthy or HR subjects
in airflow, lung volumes, diffusing capacity, resistance, or methacholine responsiveness. Comparing
relative changes from baseline immediately after exposure between normal and HR subjects showed that

HR subjects had much greater changes in pulmonary function tests.

A similar study was conducted in eight volunteers exposed to chlorine 6 hours/day on 3 consecutive days
to each of the four exposure conditions, 0, 0.1, 0.3, and 0.5 ppm chlorine (Schins et al. 2000). Pulmonary
function including effort-dependent parameters and effort-independent parameters were evaluated before
and after exposures. In addition, nasal lavage measurements were performed before and after each
exposure and 1 and 4 days after each exposure. The nasal lavage fluid was examined for total cells,
epithelial cells, neutrophils, lymphocytes, eosinophils, monocytes, albumin (an indicator of epithelial
permeability), and interleukin-8 (indicator of inflammatory response). Subjective complaints by the
subjects were judged to be not treatment-related, but objective physiological measures of nasal irritant
response were not included. Examination of the nasal lavages gave no indication of an inflammatory
response or irritant effects on the nasal epithelium. The results of the pulmonary function tests showed

that the only significant effect related to chlorine exposure was a difference in maximal mid expiratory
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flow (MMEF) between 0 and 0.5 ppm exposure; however, this was attributed to an unexplained shift in

baseline values during control exposure (0 ppm).

Shusterman et al. (2003b) measured nasal airway resistance in 52 healthy adults (24 males and

28 females) before and after exposure to 0 or 1 ppm chlorine for 15 minutes. Subjects were stratified on
age (18-34, 35-51, 52-69 years), gender, and allergic rhinitis status (27 were positive). Nasal airway
resistance was measured by active posterior thinomanometry. Exposures to air and chlorine were a week
apart. Subjects with allergic rhinitis showed a significantly greater increase in nasal airway resistance
(49% increase from baseline) than healthy subjects (10% increase from baseline) 15 minutes after
exposure. The increase in nasal airway resistance was most pronounced in older subjects and least
pronounced in the youngest group. No significant differences were seen between males and females. In
an earlier study, the same group of investigators had reported that subjects with SAR exposed to 0.5 ppm
chlorine for 15 minutes experienced a much greater increase in nasal airway resistance than subjects
without SAR, as measured by active posterior rhinomanometry (Shusterman et al. 1998). However, when
subjective responses to odor, nasal irritation, and nasal congestion were analyzed separately by rhinitis
status, no significant exposure-related changes were observed for rhinorrhea, postnasal drip, or headache
cither on a pool or stratified basis. In addition, within either the SAR or non-SAR group, there was no
relationship between subjective and objective congestion after chlorine exposure. Pulmonary peak flow
tests showed that none of the subjects exhibited clinically significant changes in peak flow, nor did they

complain of cough, wheezing, or chest tightness on chlorine exposure days.

As a whole, these studies indicate that acute-duration exposures to 1 ppm chlorine can induce upper
respiratory tract irritation and transient alterations in parameters of respiratory function and exposure
concentrations of 0.5 ppm are generally devoid of such effects and, therefore, 0.5 ppm can be considered
an acute (1-8 hours) NOAEL for sensory irritation and pulmonary function. The 0.5 ppm level caused no
significant effects in an atopic subject (Rotman et al. 1983) or in subjects with airway hyper-
responsiveness (D’ Alessandro et al. 1996), and, while increased nasal airway resistance measured
instrumentally in subjects with SAR, the latter did not clearly perceive the effect as an adverse effect
(Shusterman et al. 1998). These studies also show that individuals with compromised respiratory
function constitute a susceptible group for exposure to chlorine. The NOAEL of 0.5 ppm and LOAEL of
1 ppm from these studies as a group, serve as the basis for derivation of an acute-duration inhalation MRL

for chlorine.
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Long-term, Low-level Occupational Exposures. Relatively few studies have examined the effects of
long-term exposure to low levels of chlorine in humans, and the ones that have done so have not provided

conclusive answers largely because of study limitations.

Patil et al. (1970) studied the health effects of chlorine in 600 workers from 25 plants producing chlorine
in North America. A group of 382 workers not considered to be routinely exposed to chlorine served as
controls. The average duration of exposure was 11.9 years. Each worker received one physical
examination that included evaluation of medical and occupational histories, blood and urine tests,
pulmonary function tests and electrocardiogram (EKG). Tobacco and alcohol use were also monitored.
The concentration of chlorine was monitored in each plant every 2 months over a period of 1 year in
several representative arcas, but otherwise unspecified. Exposure data were available for 332 workers
and showed a time-weighted average (TWA) 8-hour mean of 0.15+0.29 ppm (range, 0.006-1.42 ppm). It
also showed that almost all workers were exposed to <1 ppm chlorine, 94% were exposed to <0.5 ppm,
and 70% were exposed to <0.2 ppm. Evaluation of the 332 workers who had exposure data showed that
none of the end points examined (those subjected to recall or measured) showed a dose-response
relationship. The mean concentration of 0.15 ppm may be considered a NOAEL for the study, but there
are limitations such as unclear analytical methodology, no clear definition of the case/control populations,
and insufficient detail regarding the method of analysis that render the NOAEL questionable; thus, it is
not included in Table 3-1.

Ferris et al. (1967) examined the prevalence of chronic respiratory disease among 147 workers in a pulp
mill and 124 controls who worked in a paper mill and found no significant differences in respiratory
symptoms or in tests for FVC and FEV, (tests were conducted without a nose clip) between the two
groups. Duration of exposure was not provided. Chlorine levels were measured on three different
occasions in 3 years; in on¢ occasion, the mean was 7.4 ppm and only traces were reported in the other
two occasions. The limit of detection of the method was 1 ppm. Examination of the same cohort

10 years later did not reveal any increased mortality or increased specific cause of death (Ferris et al.
1979). Evaluation of 200 men seen at both times did not reveal any differences in respiratory symptoms

or chronic nonspecific respiratory disease.

Enarson et al. (1984) evaluated respiratory effects and pulmonary function in a group of 392 male pulp
mill workers exposed to chlorine, sulfur dioxide, hydrogen sulfide, and methylmercaptan, in addition to
various particulates (i.., wood dust, ash, lime dust), for a mean duration of 101.5£86.6 months. A

control, unexposed group, consisted of 310 male rail yard workers who lived in the same community and
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who performed similar manual labor. End points examined included prevalence of respiratory symptoms
(usual cough, usual phlegm, wheezing without a cold, dyspnea when hurrying, chest tightness, and chest
illness). Pulmonary function tests conducted included FEC, FEV,, FEF;s_7s,, and FEV/FVC ratio.
Chlorine was the main contaminant in two areas of the pulp mill, the bleach plant and the machine room
(mean 8-hour TWA 0.18 and 0.02 ppm, respectively). Overall, pulp mill workers complained more
frequently of usual phlegm, wheeze without cold, and chest illness than rail workers. However, the most
significant finding was that among bleach workers (n=15) and machine room workers (n=22),
nonsmokers (n=4) had a significantly lower FEF;;5_750, and FEV/FVC ratio than rail yard workers. Given
the small number of workers involved, the possibility of exposure to multiple chemicals, and the lack of
information on chlorine peak exposure levels, the validity of the 0.18 ppm as an effect level is

questionable.

A study at a chlorine plant in Sweden compared the changes in vital capacity (VC) and FEV, that
occurred between measurements separated by 10 years among 44 workers exposed to chlorine and

33 white-collar workers matched for age and smoking status (Hyback 1999). The author stated that the
concentration of chlorine was measured continuously over the years and was always below 0.5 ppm, as a
set standard. The results of the tests showed that in fact, over the years, VC and FEV; declined more in
white-collar workers (significantly for FEV) than in the workers exposed to chlorine. Hyback (1999)
speculated that perhaps the low concentrations of chlorine gas may protect workers from contracting

respiratory infections that over time contribute to a decline in respiratory function.

The limited information available does not suggest that long-term exposure to low levels of chlorine gas

affects respiratory function, but additional, better-conducted studies are necessary to confirm this view.

High-level Occupational Exposure. Schwartz et al. (1990) studied a group of 20 workers who were
briefly (minutes) exposed in a pulp mill to chlorine gas when liquid chlorine leaked from a tank and
evaporated. Acute symptoms included burning of the nose and throat, and dry cough with chest tightness.
Pulmonary tests were conducted within 24 hours of exposure and several times over the next 12 years.
The most significant findings were a high prevalence of airflow obstruction (FEV,/VC ratio <65%) that
persisted over the observation period and a prevalence of low residual volume (RV) that increased during
the follow-up period. Schwartz et al. (1990) also found that 5 of 13 subjects tested at year 12 had
increased airway reactivity to inhaled methacholine. While the findings were suggestive of long-term

pulmonary complication, the investigators acknowledged that without pre-exposure pulmonary function
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tests and individual measures of exposure, it is difficult to determine whether the changes were due to

chlorine exposure.

Moulick et al. (1992) evaluated 82 patients exposed to approximately 66 ppm chlorine that leaked from a
storage tank at a chemical factory in Bombay, India. Acute symptoms of exposure included dyspnea,
cough, and irritation of the throat. Pulmonary tests performed in 62 cases within 48 hours of exposure
indicated obstruction in 17 cases, restriction in 2 cases, and a mixed pattern in 33 cases. Also,
bronchoscopy showed tracheobronchial mucosal congestion and hemorrhagic spots. Four out of

16 patients who were followed for 1 year showed persistent cough 4-6 weeks after exposure, but after

1 year, there were no residual symptoms and x-rays and pulmonary function tests were normal.
Evaluation of five nonsmoking patients 3 years after exposure did not reveal any residual symptoms and

pulmonary function tests were normal (tests were not specified).

Lemigére et al. (1997) reported the case of a nonsmoking worker at a water-filtration plant man who was
exposed to chlorine levels high enough to induce immediate burning of the nose and throat and
retrosternal burning and wheezing. Five years earlier, he experienced similar symptoms after chlorine
inhalation, but the symptoms had been transient. Two days after exposure, FEV, was significantly
reduced (66% of predicted) and the response to methacholine provocation was slightly abnormal. A
bronchial biopsy showed almost complete replacement of the epithelium by a fibrinohemorrhagic
exudate. Subsequent biopsies taken over a 5-month period showed considerable epithelial desquamation
15 days after exposure followed by signs of regeneration 5 weeks after exposure and considerable
improvement 5 months after exposure, although an inflammatory infiltrate was still present. The airway
responsiveness to methacholine paralleled the inflammatory changes, but could be significantly improved

by inhaled steroids.

Kowitz et al. (1967) described the effects of chlorine exposure that occurred when a cylinder containing
chlorine that was being unloaded from a freighter leaked. Neither exposure concentration nor exposure
duration was available. At least 150 men were involved and almost all experienced acute symptoms.
Eleven of 17 subjects who were admitted to a hospital were evaluated over a 3-year period. All showed
respiratory distress on admission; other common signs included rales, wheeze, or thonchi, or both, and
pulmonary edema. Pulmonary function testing conducted over the 3-year evaluation period showed a
persistent decrease in lung volume and diffusing capacity and increased airway resistance. According to

Kowitz et al. (1967), these alterations were compatible with an alveolar-capillary injury.
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There are also a number of studies that describe the effects of occasional occupational exposures to
elevated concentrations of chlorine over a background of low level exposure (“gassing” incidents). Some

examples are summarized below.

In a study of 321 workers at a British Columbia pulp mill, 189 reported one or more gassing incidents,
although no data were available to determine the severity of the exposure incidents (Kennedy et al. 1991).
The average chlorine levels in the pulp mill were <1 ppm, but estimates of concentrations during the
gassing incidents are not available. Pulp mill workers who reported having being gassed were
significantly more likely to report wheezing on occasion than individuals who had not been gassed.
While there were no significant differences in lung function tests between the overall pulp mill group and
a control group, nonsmoking and formerly smoking pulp mill workers who reported being gassed had
significantly lower MMEF and FEV,/FVC ratio than those who had not been gassed. Kennedy et al.
(1991) hypothesized that the first accidental high exposure incident may cause an inflammatory reaction
in the small airways that does not completely resolve because of continuous or repeated presence of the
stimulus. A longitudinal analysis over a 7-year period (1981-1988) of 67 pulp mill workers that
underwent pulmonary function tests both in 1981 and 1988 reported that there was a significantly greater
decline in FEV/FVC ratio and MMEF in the gassed group than in the unexposed group matched for age
and smoking status (Salisbury et al. 1991).

In a survey of 281 construction workers involved in renovation work at a pulp mill, 257 workers reported
an average of 24 gassing episodes over a 3—6-month period (Courteau et al. 1994). Exposure data during
the gassings were not available, but 36% of 483 air samples taken in the bleach plant after the episodes
showed chlorine concentrations of <0.5 ppm, 58% were between 0.5 and 8 ppm, and 6% were >8 ppm.
The most commonly reported symptoms were irritation of the throat (78%), cough (67%), and shortness
of breath (54%); the latter was not associated with age, smoking state, or history of asthma or chronic
bronchitis. Over 60% of the workers described a flu-like syndrome that lasted for an average of 11 days.
Visits to the first aid department were associated with greater reporting of most symptoms including
dyspnea and cough. Seventy-one workers identified as having moderate to high risk based on exposure
data and onset of respiratory symptoms were evaluated 18-24 months later (Bhérer et al. 1994). At this
time, a questionnaire completed by 64 workers (90%) suggested that 58 (91%) still had respiratory
symptoms and 51 underwent spirometry and methacholine challenge tests. Bronchial obstruction (FEV;
<80% predicted) was observed in 16 workers, whereas 29 showed significantly increased airway
responsiveness. Based on the fact that workers who had been to an emergency room were more likely to

be left with airway hyper-responsiveness, Bhérer et al. (1994) speculated that severity of one or more
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gassing episodes may be a more significant determinant of the likelihood of developing permanent

alterations than the number of episodes.

In a study of 300 pulp and paper workers in New Hampshire, 105 reported ever having experienced an
episode of high exposure to chlorine gases (Henneberger et al. 1996). Spirometry (FEV,, FVC,
FEV/FVC, MMEF) showed that the prevalence of obstructive pattern was >3 times greater for the gassed
subjects compared with the others. For workers who had 26-pack years of cigarette smoking, an
obstructive pattern (abnormally low FEV; and FEV/FVC) was observed only among those with a history
of gassing. In addition, the combination of high cigarette smoking and gassing had a greater-than-

additive effect on obstruction. Monitoring data were not available in this report.

Gautrin et al. (1999) evaluated 239 workers in a metal production plant who, 3 years earlier, had taken
part in a cross-sectional study (Gautrin et al. 1995). In the first evaluation, the authors reported that FVC
was higher in workers who had no symptoms after a gassing episode compared with those who had mild
symptoms. Also, FEV, and FVC were significantly lower in workers who experience >10 gassing
incidents with mild symptoms than in workers who experienced no symptoms. In both cases, the
differences were significant only in workers who had ever smoked. Increased airway responsiveness was
also found in subjects who experienced >10 gassing incidents with mild symptoms. In 98% of the
accidental exposures, chlorine was reported as the gas involved. Among 211 workers seen at follow-up
(Gautrin et al. 1999), heavy smokers showed a decrease in FEV,/FVC% that was predicted by the number
of gassing episodes causing mild symptoms between the two evaluations. Nineteen workers showed
increased airway responsiveness which was associated with accidents reported to the first aid unit during
the previous 2 years. The same group of investigators also reported that chronic rhinitis reported in the
second assessment was significantly associated with acute exposure to chlorine and that chronic lower
airway symptoms were more frequent in the second assessment among workers reporting chronic rhinitis

on both assessments than in others (Leroyer et al. 1999).

Effects in Animals. The studies in animals support the findings in humans, particularly the nature of the
acute effects of exposure to high concentrations of chlorine gas. A great deal of information regarding the
toxicity of chlorine in animals was generated during World War I and the years that followed triggered by
the use of chlorine as a chemical weapon during the war. A summary of the earlier studies conducted in
various European countries as well as in the United States and Russia can be found in Withers and Lees
(1985b). Additional information on the early literature, particularly from extensive studies in dogs, can

be found in DOA (1933).
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More recently, studies in rodents have confirmed the earlier observations regarding high exposures and

have provided valuable information regarding the irritant properties of chlorine.

Acute exposure to low-to-moderate concentrations of chlorine induces a reduction in the respiratory rate,
a protective reflex response mediated by stimulation of trigeminal nerve endings in the nasal mucosa.
The concentration of the chemical that induces a 50% decrease in respiratory rate is termed RDso. For
example, RDs, values of 9.3 and 3.5 ppm were determined in mice exposed for 10 and 60 minutes,
respectively (Barrow et al. 1977; Gagnaire et al. 1994). An RDs, of 25 ppm was determined in male
F344 rats exposed to chlorine for 10 minutes (Barrow and Steinhagen 1982). This study also
demonstrated the development of tolerance to chlorine since in rats pre-exposed to chlorine at 1, 5, or

10 ppm intermittently for 32 weeks, the RDs, values were 90, 71, and 454 ppm, respectively, measured
16-24 hours after the last day of pre-exposure. Barrow and Steinhagen (1982) speculated that the
mechanism of tolerance may involve reactions of chlorine with sulthydryl groups in the receptors or that
chlorine exposure may damage the free nerve endings in the respiratory nasal mucosa. Rats pre-exposed
to chlorine also developed cross-tolerance to formaldehyde (Chang and Barrow 1984). Interestingly, rats
pre-exposed to 15 ppm formaldehyde did not develop tolerance to formaldehyde, but did develop cross-
tolerance to chlorine, which suggested the existence of different reactive sites for the two gases (Chang

and Barrow 1984).

A study by the same group of investigators examined the effects of chlorine on lung -SH content and on
the enzymes that maintain non-protein -SH levels, glucose-6-phosphate dehydrogenase (G6PD) and
glutathione reductase (GSSG-RED) in rats exposed to 0 or 12 ppm chlorine for up to 2 weeks and
sacrificed at various times after cessation of exposure (Dodd et al. 1980). The results showed no
significant alterations in lung protein -SH, non-protein -SH, G6PD, or GSSG-RED in rats sacrificed
immediately after 1, 5, or 10 days of exposure. Rats sacrificed 3 or 6 days after exposure showed an
increase in lung -SH, G6PD, and GSSG-RED. These parameters returned to control values after 10 days
of recovery. The investigators concluded that the increase in lung -SH and enzymatic activities observed
during the recovery periods may reflect reparative processes subsequent to damage induced by chlorine.
A different study by the same group showed that exposures to up to 10 ppm chlorine for 12 hours did not
alter the total sulthydryl content (TSH) of the olfactory mucosa but lower concentrations did reduce TSH
in the respiratory mucosa, suggesting that inhaled chlorine can oxidize tissue sulthydryl groups at the
point of entry, but not at deeper regions of the respiratory tract (McNulty et al. 1983). McNulty et al.

(1983) also found that exposure to 5 ppm for 6 hours or 10 ppm for 3 hours (concentration times
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exposure=30) produced similar reductions in TSH, but exposure to 2.5 ppm for up to 12 hours did not
significantly affect TSH content. The investigators speculated that a threshold concentration may be
needed to overwhelm the protective mechanism in the respiratory mucosa (perhaps the mucociliary flow)

allowing chlorine to penetrate deeper into the underlying tissue.

Acute studies also have examined respiratory function in animals.

Barrow and Smith (1975) evaluated inspiratory-expiratory flow rate ratios (Vi/Ve) and volume-pressure
relationships (lung compliance) in rabbits exposed to 0, 50, 100, and 200 ppm chlorine for 10 minutes.
The tests were conducted 0.5 hours after exposure and after 3, 14, and 60 days without exposure. After
the last test, the rabbits were killed and the lungs were removed for gross and microscopic examination.
Rabbits exposed to 50 ppm showed mild pneumonitis, which was also observed in control animals; this
exposure level did not induce significant changes in air flow ratios, but transiently decreased lung
compliance. Exposure to 100 or 200 ppm induced transient concentration related increases in Vi/Ve and
a decrease, followed by an increase, in pulmonary compliance; these changes are related to gross signs of
pulmonary edema and microscopic changes characterized by chronic pneumonitis and anatomic

emphysema. Rabbits allowed to recover for 14 or 60 days showed no “specific airway pathology.”

In another study, mice exposed for 15 minutes to 0.8, 2, 3.1, or 3.8 ppm chlorine showed concentration-
related decreases in respiratory frequency and increases in specific airway resistance (Morris et al. 2005).
Pretreatment with atropine did not alter the increase in airway resistance, suggesting that this response
does not involve parasympathetic cholinergic endings. However, pretreatment with capsaicin, a sensory
nerve toxin, dramatically reduced respiratory irritation and the obstructive response, suggesting the
involvement of sensory nerves. Mice exposed to much higher concentrations of chlorine (100-800 ppm)
for 15 minutes showed increased airways resistance and increased responsiveness to methacholine and
microscopic examination of the lungs showed flattening of the epithelium and epithelial cell loss and
changes associated with oxidative stress (Martin et al. 2003). Since the increased responsiveness to
methacholine could be prevented by inhibition of nitric oxide synthase, it appeared that nitric oxide (NO)

production may have contributed to the airway response to inhaled chlorine.

Jiang et al. (1983) studied the time course of the histopathological alterations in the respiratory tract of
rats and mice exposed to the RDs, of 9.1 ppm chlorine 6 hours/day for 1-5 days. The animals were killed
immediately after the last exposure and the nose, larynx, trachea, and lungs were processed for

microscopic examination. In both species, lesions were seen in the nasal passages with less severe
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changes in the nasopharynx, larynx, trachea, and lungs. The lesions in the nasal passages involved both
the olfactory and respiratory epithelia; the nasal squamous epithelium showed minimal change. Lesions
in the respiratory epithelium included acute epithelial degeneration with epithelial cell exfoliation,
crosion, and ulceration after 1 and 3 days of exposure, infiltration by neutrophils after 3 and 5 days, and
squamous metaplasia after 5 days. After 3 and 5 days of exposure, the epithelial lesions and
inflammatory response found in the respiratory and olfactory mucosa became progressively more severe
and extended more posteriorly. The most severe changes occurred in the olfactory mucosa of the anterior
portion of the dorsal meatus, which showed extensive epithelial erosion and ulceration. Less severely
affected arcas showed necrosis and variable loss of sensory cells. Scanning electron microscopy showed
loss of olfactory cilia and cellular exfoliation. The larynx and trachea showed acute degeneration of
respiratory epithelial cells, whereas the lungs showed moderate to severe peribronchiolitis. Exposure of
mice to the RDs, of 9.3 ppm for 5 days induced severe exfoliation, erosion, ulceration, and necrosis of the
nasal respiratory epithelium (Buckley et al. 1984). It also induced minimal inflammation and squamous
metaplasia. In the olfactory epithelium, chlorine induced severe ulcerations and necrosis and
degeneration of sensory nerve endings. In the trachea, the lesions ranged from mild to moderate epithelial
exfoliation, hyperplasia, and squamous metaplasia. In the lungs, chlorine induced a moderately severe
terminal bronchiolitis with occlusion of affected bronchioles by serocellular exudate. Mice killed

72 hours after the last exposure had reduced inflammation and exudate, but there was little difference in
the extent of ulceration and degenerative lesions, suggesting that the 3-day period was insufficient for

complete repair of the lesions.

Exposure of rats to much higher concentrations of chlorine (50-1,500 ppm for 1-10 minutes) induced
increasing lung damage that partially resolved within 24 hours of exposure (Demnati et al. 1995). In rats
exposed to 1,330 ppm chlorine for 15 minutes, pulmonary changes observed 45 days after exposure
included interstitial fibrosis and thickening of the alveolar septa due to thickening of the basement
membrane (Yildirim et al. 2004). Exposure of rats to >184 ppm chlorine for 30 minutes induced
hypoxemia, respiratory acidosis, and hypercapnia, and increased the surfactant surface tension and protein
content of the bronchoalveolar lavage fluid, suggesting alveolar epithelial injury (Leustik et al. 2008).
Less evidence of lung injury was seen in rats that were injected before exposure to chlorine with a
mixture of ascorbate, deferoxamine, and N-acetyl-L-cysteine, suggesting that damage could be
ameliorated by low-molecular antioxidants (Leustik et al. 2008). Exposure of mice to 221-289 ppm
chlorine for 60 minutes caused severe lung inflammation as evidenced by widespread neutrophil influx

into the lung parenchyma 6 hours after exposure followed by a clustering of neutrophils around damaged
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airways 24 hours after exposure (Tian et al. 2008). Histologically, chlorine caused massive sloughing of

the airway epithelium that was evident 6 hours after exposure.

Two intermediate-duration studies in animals were located.

Barrow et al. (1979) evaluated the respiratory response in F344 rats exposed to 0, 1, 3, or 9 ppm chlorine
6 hours/day, 5 days/week for 6 weeks. Nasal discharge was seen occasionally in rats exposed to 1 ppm,
but was common in rats exposed to 3 and 9 ppm. Respiratory difficulty was also apparent in some rats
exposed to 9 ppm. At termination, gross necropsy revealed accumulation of inflammatory reactions in
the upper nasal passages in rats exposed to 3 and 9 ppm chlorine. Microscopic evaluations showed
indications of inflammatory reactions in the upper and lower respiratory tract of high-dose males and
females. The nasal turbinates showed mucopurulent inflammation with secretory material and erosions of
the mucosal epithelium. Changes in the trachea and bronchi consisted mostly of hyperplasia of the
epithelial lining and inflammatory reactions. The alveolar sacs contained macrophages and secretory
material and epithelial cells showed necrosis, hypertrophy and hyperplasia. Alterations in rats exposed to
1 and 3 ppm were less extensive and were limited to focal mucopurulent inflammation of the nasal
turbinates in females. Males exposed to 1 or 3 ppm showed deeper pulmonary changes consisting of
slight to moderate inflammatory reaction around the respiratory bronchioles and alveolar ducts, increased
alveolar macrophages, and isolated areas of atelectasis (incomplete expansion). A LOAEL of 1 ppm for
respiratory effects can be defined in this study based on the presence of inflammatory changes in the nasal

turbinates of females and in the lungs of males; no NOAEL was established.

A similar study examined clinical signs, lung function, and histopathology of the nasal turbinates and
lungs from F344 rats exposed to 0, 0.5, 1.5, or 5 ppm chlorine 6 hours/day, 5 days/week for 62 days
(Kutzman 1983). Pulmonary function tests (plethysmograph-based assessment of multiple end points,
including lung and tidal volumes, breathing frequency, transpulmonary pressure, lung compliance, N,
washout, diffusing capacity for CO, maximum expiratory flow volume, peak expiratory flow, and airway
resistance) were conducted in 21-24 anesthetized males 6 hours after the last exposure. Respiratory
tissues from these rats were prepared for histopathology. The lungs from some of these rats were also
examined for collagen, elastin, total protein, and DNA. Exposure to 5 ppm cause severe upper respiratory
irritation; exposure to 1.5 ppm showed occasionally less severe signs of irritation, whereas exposure to
0.5 ppm caused no obvious signs of irritation or discomfort. The tests of pulmonary function did not
reveal marked abnormalities. The most significant effect was a reduction in airflow at 75% of exhaled

vital capacity in all exposed groups, indicating some degree of small airway involvement. There were no
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histopathological alterations in the lungs and nasal turbinates, but there was a tendency in the trachea for
loss of cilia and epithelium at 0.5 and 5 ppm chlorine. The lung biochemistry only showed an increased
collagen concentration at 1.5 and 5 ppm. Based on upper respiratory irritation and loss of cilia and
epithelium in the trachea, the exposure level of 0.5 ppm can be defined as a LOAEL for respiratory
effects; no NOAEL was defined in this study. This study was used as the basis for derivation of an

intermediate-duration inhalation MRL for chlorine.

Two studies have examined the effects of chronic exposure to chlorine on respiratory parameters in

animals.

Wolf et al. (1995) exposed groups of F344 rats and B6C3F; mice (approximately 70/sex/exposure level)
10 0, 0.4, 1, or 2.5 ppm chlorine gas for 2 years. Males from both species and female mice were exposed
6 hours/day, 5 days/week, whereas female rats were exposed 6 hours/day, 3 days/week. The reduced
exposure of female rats was based on unpublished data from the investigators that showed female rats to
have a greater sensitivity to repeated long-term exposure to chlorine. End points evaluated included gross
and microscopic examination of the respiratory tract; the nasal passages were examined microscopically
at five different levels. Both in rats and mice, there were no gross lesions attributable to exposure to
chlorine, and microscopic evaluation of the respiratory tract showed that chlorine-related effects were
restricted to the nasal passages. In the study, the incidences were presented as percentages of all animals
for which the nasal passages were adequate for microscopic examination, but the numbers of animals
examined were not provided. No lesions were seen in the larynx, trachea, bronchi, or bronchioles. In
general, rats and mice exhibited similar types of lesions. For the most part, the nasal lesions were site-
specific, but the severity and/or incidence were not always concentration-dependent. The majority of the
nasal responses exhibited a rostral-to-caudal severity gradient. The lesions rarely extended to the
nasopharyngeal meatus. Lesions observed included respiratory and olfactory epithelial degeneration,
septal fenestration, mucosal inflammation, respiratory epithelial hyperplasia, squamous metaplasia, and
goblet cell (rats only) hypertrophy and hyperplasia, and secretory metaplasia of the transitional epithelium
of the lateral meatus. Also observed was intracellular accumulation of eosinophilic proteinaceous
material involving the respiratory, transitional, and olfactory epithelia. Lesions were also observed in
controls, but the incidences were significantly lower than in the treated groups. One of the lesions with
the lowest incidence in controls was goblet cell hyperplasia in female rats (4%); the respective incidences
in the 0.4, 1, and 2.5 ppm group were 71, 90, and 91%. In mice, olfactory epithelium atrophy exhibited
one of the lowest incidences in controls (3%); the respective incidences in the 0.4, 1, and 2.5 ppm group

were 20, 21, and 39%. In both cases, severity also was concentration-related. Based on the increased
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incidence of various types of lesions in the nasal passages, the exposure level of 0.4 ppm constitutes a

LOAEL for respiratory effects in rats and mice; a NOAEL was not defined.

Klonne et al. (1987) exposed Rhesus monkeys to 0, 0.1, 0.5, or 2.3 ppm chlorine 6 hours/day,

5 days/week for 1 year. Pulmonary diffusing capacity for CO and distribution of ventilation were
evaluated monthly during the study. At termination, the nasal tissues (at the first palatine ridge and just
posterior to the third, fifth, and seventh palatine ridges), trachea, and lungs were examined. There was no
evidence of treatment-related effects on pulmonary function at any interval during the study. The only
treatment-related histopathological effects consisted of focal epithelial hyperplasia characterized by
increased cell numbers and loss of cilia and goblet cells in the respiratory epithelium of the nose and
trachea. The affected areas of the nasal passages showed hypercellularity with loss of goblet cells and
cilia. In some of these areas, the nuclei showed altered polarity. Lesions were more frequent on the
angular margins of the turbinates and less frequent on the lateral wall or septum adjacent to these margins.
In some cases, the respiratory epithelial hyperplasia was associated with mild suppurative inflammatory
response. Lesions in the trachea resembled those in the nose, but were less severe and involved only a
small circumferential section of the ventral and ventrolateral trachea. The combined incidences of lesions
in the nasal mucosa, characterized as trace and mild in males and females, were 1/8, 3/8, 6/8, and 8/8 in
the control, 0, 0.1, 0.5, and 2.3 ppm exposure groups, respectively. The lowest exposure concentration of
0.1 ppm chlorine is a LOAEL for nasal lesions in monkeys. This study was used as the basis for

derivation of a chronic-duration inhalation MRL for chlorine.

Ibanes et al. (1996) re-examined the respiratory tissues from the chronic studies in monkeys, rats, and
mice summarized above to better characterize the lesions and to improve human risk assessments based
on these data sets. In general, the re-evaluation found a good correlation between the subjective scores of
tissue responses in the original studies and quantitative analyses in the re-evaluation. The investigators
also noted that the lesions in monkeys and rodents exhibited both differences and similarities. One
notable difference was that monkeys showed less severe lesions, but extended more distally in the
respiratory tract. The investigators concluded that respiratory tract airflow characteristics play a major
role in lesion distributions in monkeys and rodents. Yet, with appropriate exposure and response

adjustments, both rodents and Rhesus monkeys appear to be valid models for human risk assessment.

Cardiovascular Effects. It is not uncommon to find reports of tachycardia and elevated blood
pressure in individuals admitted to emergency rooms following accidental exposure to high

concentrations of chlorine, but how much of this can be attributed to chlorine exposure or to a stressful
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situation is not clear. Some cases in which EKGs were performed shortly after exposure found no
significant alterations (Chasis et al. 1947; Giiloglu et al. 2002; Ramachandran et al. 1990). Tachypnea
and hypertension were frequently observed in persons who were hospitalized following a train derailment
that released chlorine gas in South Carolina in 2005 (Van Sickle et al. 2009). In most persons in whom
the conditions were observed, tachypnea and tachycardia persisted across examination. No specific
mention of cardiovascular effects was found in studies that evaluated possible long-lasting effects of

chlorine exposure.

Rats and mice that were exposed to lethal concentrations of chlorine had distended hearts (Weedon et al.
1940), but little additional information is available regarding cardiovascular effects in animals following
exposure to chlorine. It is reasonable to assume that some cardiovascular parameters would be affected
after acute exposure to high concentrations of chloring as a result of the severe ventilation-perfusion
mismatching and hypoxia caused by pulmonary edema; however, no evaluations were made in the studies

available.

In an intermediate-duration study, rats exposed to 5 ppm chlorine for 62 days had no significant gross or
microscopic alterations in the heart (Kutzman 1983). Intermittent exposure of monkeys to 2.3 ppm
chlorine for 1 year (Klonne et al. 1987) or of rats and mice to 2.5 ppm chlorine for 2 years (Wolf et al.

1995) did not cause any significant gross or microscopic alterations in the heart and aorta.

Gastrointestinal Effects. Nausea and vomiting are common acute symptoms following exposure to
high concentrations of chlorine and are believed to be reflex reactions and not a specific effect of

chlorine.

Barrow et al. (1979) reported that rats exposed to 9 ppm chlorine 6 hours/day, 5 days/week for 6 weeks
had focal erosion of the gastric mucosa, which was usually accompanied by focal inflammation of the
adjacent submucosal areas. No such effects were seen in rats exposed to 3 ppm chlorine. The
investigators suggested that general stress or perhaps ingestion of hydrochloric acid and/or hypochlorous
acid as a result of grooming or deposition in the oral cavity may have caused the condition. The results of
Barrow et al. (1979) could not be confirmed or refuted in a study of very similar design by Kutzman

(1983) because the latter did not examine the gastrointestinal tract.
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Intermittent exposure of monkeys to up to 2.3 ppm chlorine for 1 year or of rats and mice to up to
2.5 ppm for 2 years did not produce gross or microscopic alterations in the gastrointestinal tract (Klonne

etal. 1987; Wolf et al. 1995).

Hematological Effects. Leukocytosis is a common finding in individuals acutely exposed to high
concentrations of chlorine, and is most likely a clinical manifestation of acute inflammation and tissue
destruction rather than a specific effect of chlorine. Hypoxemia is also characteristic of exposures high

enough to cause pulmonary edema and consequently, interference in gas exchange.

Experiments in dogs conducted by Underhill (1920) following World War I showed that following
gassing with high concentrations of chlorine, there was a relative increase in red blood cells and
hemoglobin that reached a peak approximately 5 hours after exposure and was due to a decrease in
intravascular fluid content. He also observed that in dogs exposed to relatively low concentrations of
chlorine, there was slight leukocytosis, which was caused solely by an increase in polymorphonuclear
cells. An intermediate-duration study in rats reported that exposure to 9 ppm chlorine for 6 weeks
induced a significant increase in hematocrit (females) and segmented neutrophils (males and females)
(Barrow et al. 1979). No significant changes in hematological parameters were observed in monkeys,
rats, or mice exposed to 2.3-2.5 ppm chloring in chronic duration studies (Klonne et al. 1987; Wolfet al.

1995).

Musculoskeletal Effects. The only information regarding musculoskeletal effects and exposure to
chlorine is a report in which a 25-year-old man was diagnosed with myasthenia gravis manifested as
laryngeal stridor after accidental exposure to chlorine gas (Foulks 1981). Myasthenia gravis is an
autoimmune disorder that causes a reduction in the number and/or sensitivity of acetylcholine receptors at
the neuromuscular junction resulting in muscle weakness. Foulks (1981) speculated that the massive
exposure of the laryngeal muscles to chlorine may have altered the neuromuscular junction in a way that

caused an autoimmune stimulus that resulted in myasthenia gravis.

Exposure of monkeys to up to 2.3 ppm chlorine for 1 year or of rats and mice to up to 2.5 ppm for 2 years

did not produce gross or microscopic alterations in skeletal muscle (Klonne et al. 1987; Wolf et al. 1995).

Hepatic Effects. Very limited information was located regarding evaluation of liver end points in
patients after acute high exposure to chlorine. Leube and Kreiter (1971) reported that 1 day after exposure
to chlorine, 26 out of 65 patients (40%) had elevated serum ALT and 2 out of 13 (15%) had clevated
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serum aspartate aminotransferase (AST) values. Without any information on other factors that impact the
levels of these enzymes in serum, such as alcohol consumption, it is difficult to ascertain the toxicological
significance of this finding. Moulick et al. (1992) mention that measurements of serum AST activity in
patients admitted to the hospital following exposure to chlorine did not show any significant abnormality.
The exposure concentration was not known, but 2 hours after the massive leak, the level of chlorine was
found to be 66 ppm. Hasan et al. (1983) reported that subjects exposed to chlorine gas following a leak

from a liquid storage tank had normal liver function tests; the tests were not specified.

Liver congestion has been observed in rodents exposed to acute lethal concentrations of chlorine (i.e.,
Weedon et al. 1940), but generally, other low-concentration, acute-duration studies did not examine the
liver, or if they did, the findings were not reported. In an intermediate-duration study, rats exposed to

>3 ppm chlorine, but not 1 ppm, 6 hours/day, 5 days/week for 6 weeks had cytoplasmic vacuolation in the
hepatocytes (Barrow et al. 1979). This was accompanied by a significant increase in serum alkaline
phosphatase at 3 and 9 ppm in males and females and an increase in serum alanine aminotransferase
(ALT) in females exposed to 9 ppm. In contrast, in a study of very similar design, rats exposed to up to

5 ppm chlorine 6 hours/day, 5 days/week for 62 days showed no significant histological alterations in the

liver (Kutzman 1983). The reason for this apparent discrepancy is not apparent.

Intermittent exposure of monkeys to up to 2.3 ppm chlorine for 1 year or of rats and mice to up to
2.5 ppm for 2 years did not produce gross or microscopic alterations in the liver (Klonne et al. 1987; Wolf

et al. 1995).

Renal Effects. No reports were located of renal effects in humans following inhalation exposure to
chlorine. However, it would have not been unexpected to find some abnormal indices of renal function in
individuals acutely exposed to high levels of chlorine as a consequence of severe cardiopulmonary

alterations.

Slight to moderate congestion of the kidneys was reported in male and female rats exposed intermittently
to 9 ppm chlorine for 6 weeks, but no significant alterations were seen in rats exposed to 3 ppm (Barrow
etal. 1979). Kutzman (1983) examined the kidneys of rats exposed to up to 5 ppm chlorine for 62 days
and reported no significant gross or microscopic alterations. Intermittent exposure of monkeys to up to
2.3 ppm chlorine for 1 year or of rats and mice to up to 2.5 ppm for 2 years did not produce gross or

microscopic alterations in the kidney (Klonne et al. 1987; Wolf et al. 1995).
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Endocrine Effects. No information was located regarding endocrine effects in humans following
inhalation exposure to chlorine. No gross or microscopic alterations were reported in the adrenals,
pancreas, parathyroid, pituitary, or thyroid gland from monkeys exposed to up to 2.3 ppm chlorine for

1 year (Klonne et al. 1987). Similarly, no gross or histological alterations were found in the pancreas,
parathyroid, pituitary, or thyroid from rats and mice exposed to up to 2.5 ppm chlorine for 2 years (Wolf
ctal. 1995). No further information on endocrine effects in animals exposed to chlorine was located in

the literature.

Dermal Effects. Considering that chlorine is an irritating gas, very few reports have described skin
effects in subjects exposed to high concentrations of the gas. A health assessment of a population that
may have been exposed to up to 200 ppm chlorine after tanker cars derailed reported that skin rashes and
skin burns affected 16-25% of a total of 682 persons interviewed 2 weeks after the accident (Agency for
Toxic Substances and Disease Registry 1998). In another train derailment, some exposed subjects had
minor first-degree skin burns resulting from the vapor exposure (Joyner and Durel 1962). A health
evaluation report of firefighters that responded to a chlorine gas leak in Henderson, Nevada, mentions that
many of the firefighters complained of skin irritation (NIOSH 1995). During the incident, chlorine

concentrations in the air ranged from <0.2 to 17 ppm.

Studies in animals have not described skin alterations following exposure to chlorine gas, even in high
exposure acute-duration studies in which animals experienced whole-body exposures. In monkeys
exposed to up 2.3 ppm chlorine for 1 year, histological examination of samples of skin did not reveal any
significant exposure-related alterations (Klonne et al. 1987). The same negative observations were made

in rats and mice exposed to up to 2.5 ppm chlorine for 2 years (Wolf et al. 1995).

Ocular Effects. Almost all reports of acute exposure to high concentrations of chlorine mention eye
irritation (lacrimation, conjunctivitis, burning sensation) as one of the most prevalent complains among
the patients. These effects usually resolve within a few days after exposure. In a controlled exposure
study with volunteers, complaints of itching or burning of the eyes were significantly greater during

exposures to 1 ppm chlorine than during control exposures (Anglen 1981).

Swelling around the eyes was reported in rats exposed to 12 ppm chlorine 6 hours/day, 5 days/week for
10 days, but not for 5 days (Dodd et al. 1980). Ocular irritation was also reported in rats exposed
intermittently to 3 ppm chlorine for 6 weeks, but no irritation was apparent at 1 ppm (Barrow et al. 1979).

This is more or less consistent with the results of another intermediate-duration study that reported
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occasional signs of eye irritation in rats exposed to 1.5 ppm for 62 days and severe irritation in rats
exposed to 5 ppm chlorine (Kutzman 1983). Monkeys exposed intermittently to 2.3 ppm for 1 year
showed conjunctival irritation with some exudation at the end of the study, but there was no gross or
microscopic evidence of chronic changes in the conjunctiva or in the cornea (Klonne et al. 1987). No
ocular effects were observed in rats or mice exposed to up to 2.5 ppm chlorine for 2 years (Wolf et al.

1995).

Body Weight Effects. No relevant information was located regarding body weight effects in humans
following inhalation exposure to chlorine. Reduced body weight gain or weight loss has been commonly
reported in acute high-exposure studies in animals of enough duration to allow evaluation of weight
changes. Although rarely reported, the reduced growth or weight loss is largely due to reduced food
consumption. For example, rats exposed to 12 ppm chlorine 5 days/week for 2 weeks lost approximately
20% of their body weight during the second week relative to their starting weight (Dodd et al. 1980).
Pair-fed rats also lost weight, confirming that the effect in the chlorine-exposed rats was due to reduced
food intake. In another acute-duration study, rats exposed to 9.1 ppm chlorine for 3 or 5 days lost 11 and
13%, respectively, of the initial body weight (Jiang et al. 1983). Under the same exposure conditions,
mice lost 17 and 21% of the initial body weight (Jiang et al. 1983).

Similar results have been obtained in intermediate-duration studies. Final body weight of rats exposed to
9 ppm chlorine for 6 weeks (Barrow et al. 1979) or to 5 ppm for 62 days (Kutzman 1983) were >30%
lower than controls. Even a relatively low concentration of chlorine of 0.5 ppm for 62 days lowered body
weight in female rats by approximately 11% relative to controls (Kutzman 1983). Neither study provided
information on food or water consumption. Exposure of monkeys to 2.3 ppm chlorine for 1 year (Klonne
et al. 1987) or of rats and mice to 2.5 ppm for 2 years (Wolf et al. 1995) reduced body weight gain during
the studies, but the final weights, judging by figures in the papers, appeared to be <10% lower than the

respective controls.

3.2.1.3 Immunological and Lymphoreticular Effects

No studies were located that evaluated immunocompetence or effects on lymphoreticular organs in

humans following exposure to chlorine gas.

Minimal information is available from studies in animals. Barrow et al. (1979) reported that the spleen

and thymus from rats exposed to 9 ppm chlorine for 6 weeks had a decreased content of lymphoid
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elements, but no such changes were seen in rats exposed to 1 or 3 ppm. According to the investigators,
this may have been a function of the poor physical condition and decreased nutritional state of the rats in
that dosing group. In a very similar study, no histological alterations were reported in the spleen and
peribronchial lymph nodes from rats exposed to up to 5 ppm chlorine for 62 days (Kutzman 1983).
Studies in monkeys, rats, and mice also have found no gross or microscopic lesions in lymphoreticular
organs and tissues following intermittent chronic exposure to 2.3-2.5 ppm chlorine (Klonne et al. 1987;

Wolfet al. 1995).

The highest NOAEL values and all LOAEL values from each reliable study for lymphoreticular effects in

each species and duration category are recorded in Table 3-1 and plotted in Figure 3-1.

3.2.1.4 Neurological Effects

Symptoms effects such as headache, dizziness, anxiety, and syncope are commonly reported following
acute high exposures to chlorine and are thought to be due, at least in part, to asphyxia induced by

chlorine.

In a case of high exposure to chlorine that resulted in the death of the patient, postmortem examination
showed a swollen brain with flattening of convolutions and subarachnoid hemorrhage (Adelson and
Kaufman 1971). The investigators speculated that the lesions could have been caused by hypoxia that
resulted from the severe pulmonary effects. In another case report, a 60-year-old man who accidentally
inhaled chlorine gas in a swimming pool accident had a magnetic resonance scan of the head conducted
2 years after the accident that showed multiple areas of decreased signal in the periventricular white
matter (Levy et al. 1986). Other neurological tests showed no evidence of cranial nerve abnormalities or
sensory deficits. This brief communication does not mention what might have prompted the subject to

undergo the scan.

Kilburn (1995, 2000, 2003b) published a series of reports describing long-lasting neurological effects in
subjects accidentally exposed to high concentrations of chlorine gas under various scenarios. The earliest
study (Kilburn 1995) reported that six subjects exposed to an undetermined concentration of chlorine for
3 minutes to 5 hours had difficulty concentrating and sleeping, dizziness, loss of balance, excessive
fatigue, loss of strength, depression, and irritability during a period of 1-3 years after the accident.
Neurobehavioral tests were conducted 15-50 months after exposure and the results were compared to a

control group matched for sex, age, and education. It should be noted that the testers were aware of the
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exposure status of the subjects. The results showed impaired balance with the eyes closed and hearing
loss in all of the exposed subjects. Five had decreased vibration sensitivity, color discrimination, and
verbal recall; four had prolonged blink reflex latency; three had prolonged simple and choice reaction
times, and three had nerve defects or constricted visual fields. In a subsequent study, 22 patients exposed
briefly (the reports mentions seconds to a few minutes in one section and minutes to a few hours in
another section) to chlorine gas were evaluated with a battery of tests 7-48 months after exposure. A
total of 296 unexposed subjects served as controls. The results showed significant impairment among the
exposed group in a number of areas including balance, reaction time, color identification, visual field
performance, blink latency, cognition, verbal recall, and making trails. A similar study was conducted
with subjects exposed to chloring as a result of a train derailment (see Agency for Toxic Substances and
Disease Registry [1998] under Respiratory Effects) (Kilburn 2003b). Ninety-seven subjects were tested
7 weeks after exposure and 57 were tested 3 years later; 26 were tested on both occasions. Seven weeks
after exposure, the exposed subjects showed impairment in five neurobehavioral functions compared with
unexposed subjects recruited for the 3-year testing. At 3 years, the patients showed impairment in seven
additional tests compared with controls. Because of lack of exposure data, these studies are not listed in

Table 3-1.

There are no studies in animals that could confirm or refute Kilburn’s findings mentioned above. The
only information regarding neurological effects of chlorine in animals is limited to reports of no gross or
microscopic alterations in the brain of rats exposed intermittently to up to 5 ppm chlorine for 62 days
(Kutzman 1983), or in the brain, spinal cord, and sciatic nerve of rats and mice exposed to up to 2.5 ppm
chlorine for 2 years (Wolf et al. 1995). Also, in monkeys exposed intermittently for 1 year to up to

2.3 ppm chloring, there were no gross or histological alterations in central or peripheral nervous system
tissues (Klonne et al. 1987). The investigators also mentioned that clinical observational neurological
examinations conducted in the monkeys prior to sacrifice were unremarkable, but the scope of these tests

was not specified.

The highest NOAEL values from each reliable study for neurological effects in each species and duration

category are recorded in Table 3-1 and plotted in Figure 3-1.
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3.2.1.5 Reproductive Effects

The only information available regarding effect in humans is that evaluation of the outcome of
15 pregnancies among female workers at a chlorine plant in 1932-1933 did not provide any evidence of

reproductive toxicity (Skljanskaya et al. 1935).

In an intermediate-duration inhalation study, male and female rats were exposed intermittently to up to

5 ppm chlorine for 62 days (Kutzman 1983). At the end of the exposure period, 8 exposed males were
mated with unexposed females and 10 exposed females were mated with unexposed males and all females
were sacrificed on gestation day 19 for evaluation of reproductive end points. The results showed no
significant effects of chlorine exposure on fertility, number of corpora lutea, viable embryos, early or late
deaths, or pre-implantation loses. In addition, in males exposed for 62 days, there were no histological

alterations in the testes, and sperm morphology was unremarkable.

In chronic-duration studies, exposure of male and females monkeys for 1 year or male and female rats and
male mice for 2 years to up to 2.5 ppm chlorine did not result in gross or microscopic alterations of the
reproductive organs (Klonne et al. 1987; Wolf et al. 1995). Female mice developed a concentration-
related increase in ovarian abscesses and of suppurative inflammation of the uterus. Without a further
discussion, the investigators stated that it was unlikely that chlorine induced the inflammatory response,

but no alternative explanation was provided.

The highest NOAEL values from each reliable study for reproductive effects in each species and duration

category are recorded in Table 3-1 and plotted in Figure 3-1.

3.2.1.6 Developmental Effects

In a summary of the limited information available, WHO (1982) reports that early studies from the
Russian literature found no evidence of teratogenic in offspring from effects female workers at a chlorine
plant in 1932-1933 and that rabbits exposed to low chlorine concentrations (0.6—1.6 ppm) during
pregnancy gave birth to healthy offspring. No additional information was located regarding

developmental effects in animals following inhalation exposure to chlorine.
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3.2.1.7 Cancer

There are several studies of cancer in humans that involve exposure to chlorine, among other chemicals,

in occupational settings.

A study of 28 employees at a Texas chemical plant who had died of primary intracranial neoplasms found
no evidence that exposure to chlorine may have played a role (Bond et al. 1983). Chlorine was one of the
chemicals to which cases and controls had the most frequent potential for exposure. Bond et al. (1985)
conducted a case-control study of 26 renal cancer deaths among employees of a multiple process
chemical production facility. Although an increased odds ratio (OR) for renal cancer was found in a
chlorine production area, it was not attributed to chlorine exposure, but to asbestos and caustic materials.
In addition, in the magnesium processing area, where large amounts of chlorine were used, there was a
decreased risk of renal cancer. A nested case-control study of 306 lung cancer deaths among

19,608 employees of a chemical plant provided no evidence that chlorine had a role in the deaths (Bond et

al. 1986). The OR for chlorine exposure was 1.08 (95% confidence interval [CI], 0.81-1.44).

A study of 51 lung cancer cases at a dye and resin manufacturing plant reported an increased OR for lung
cancer for employees who were seen at the plant infirmary for acute exposure to chlorine after adjusting
for smoking (OR=27; 95% CI, 3.5-205) (Barbone¢ et al. 1992). However, the number of cases was small
(6 cases versus 3 out of 102 controls), and four of the six cases worked in the anthraquinone dye and
epichlorohydrin production area. Barbone et al. (1992) stated that based on small number of cases, the
small association between lung cancer and acute exposure to chlorine may be due to chance or to

confounding by other unidentified exposures.

In a larger study of 2,391 male workers producing magnesium metal, Heldaas et al. (1989) found 4 cases
of lung cancer versus 1.3 expected in a subset of workers who experienced chlorine intoxication and had
at least 20 years since first employment (95% CI, 0.8-7.8). However, the rate ratios for lung cancer were
higher in those workers who were not registered in the chlorine exposure list. The authors speculated that

the use of respiratory protective gear (mouthpieces) may have been a reason for the difference.

In a study of 1,190 workers at chlor alkali plants, there was a marginally significant excess of lung
cancers (10 observed versus 4.9 expected; 95% CI, 1.0-3.8) which, according to the authors, was possibly
due to previous use of asbestos (Barregard et al. 1990). Jappinen et al. (1987) conducted a retrospective

cohort study of 3,545 workers in the Finnish pulp and paper industry and found 78 cases of lung cancer
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versus 62.6 expected (95% CI, 98-155). The excess was most prominent in board mill workers
(40 observed versus 18.1 expected; 95% CI, 158-302), particularly after 20 years of latency (25 observed
versus 7.8 expected; 95% CI, 209-476). However, there is no mention in the study of the chemicals to

which the various subcohorts (based on work histories) may have been more intensely exposed.

Only the study by Wolf et al. (1995) provided information on carcinogenicity of inhaled chlorine in
animals. In that study, male and female rats and mice were exposed intermittently to up to 2.5 ppm
chlorine for 2 years. Gross and histological examination of all major tissues and organs, including the

nasal cavity at five levels did not show any biologically or statistically significant increase in neoplasms.

The EPA, the International Agency for Research on Cancer (IARC), and the Department of Health and

Human Services (DHHS) have not classified chlorine gas as to its carcinogenicity.

3.2.2 Oral Exposure

Studies that used tap water as the medium for delivery of chlorine to experimental animals are not

included in this section to eliminate potential confounding effects of chlorination byproducts.

Although people are not likely to be exposed to chlorine itself through oral routes, there are reports of
accidental or intentional exposure to bleach (typically a 3—6% solution of sodium hypochlorite).

Information from some of those reports is also included in this section.

3.2.2.1 Death

Human deaths have been reported following ingestion of sodium hypochlorite. In a review of the
literature, Racioppi et al. (1994) state that the lethal dose of sodium hypochlorite in adults has been
reported to be approximately 200 mL of a solution containing 3—6% chlorine. Racioppi et al. (1994) also
indicate that the aspiration of bleach in the lungs following ingestion as been reported as the cause of
fatalitics. Ross and Spiller (1999) described a fatal case of a 66-year-old woman who ingested an
unknown quantity of bleach and died of cardiac arrest 4.5 hours after the bleach ingestion. Autopsy
revealed esophageal and gastric mucosal erosions, perforations at the gastroesophageal junction, and
extensive necrosis of adjacent soft tissue. Jakobsson et al. (1991) reported the case of a fatal poisoning in
a l-year-old girl after ingestion of a household cleanser containing 4.5% sodium hypochlorite in an
alkaline solution. Examination of the upper gastrointestinal tract showed severe gross and microscopic

damage. According to unpublished information reviewed by Racioppi et al. (1994), the oral LDs, for a
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5.25% solution of sodium hypochlorite household bleach in rats is 13,000 mg/kg; for a 13% solution,
LDs; values of 5,000 and 8,200 mg/kg are listed. A review of the literature by BG-Chemie (1991)
indicates that LDs, values of 6,800 and 5,800 mg/kg were determined for male and female ddY rats,

respectively.

3.2.2.2 Systemic Effects

The highest NOAEL values and all LOAEL values from each reliable study for systemic effects in each

species and duration category are recorded in Table 3-3 and plotted in Figure 3-2.

Respiratory Effects. Respiratory rate was not altered in a group of 10 volunteers who drank

0.5 L/day of drinking water containing 5 mg/L chlorine for 12 weeks (Lubbers et al. 1982). This
corresponds approximately to doses of 0.036 mg Cl/kg/day, assuming a body weight of 70 kg.
Evaluations of the respiratory rate were done weekly during the dosing period and continued for an
additional 8 weeks post-dosing. Since the study did not control for non-experimental ingestion of
chlorine by the volunteers, the total daily dose of chlorine consumed is likely to have been higher than
0.036 mg Cl/kg/day. In a review of the literature, Racioppi et al. (1994) mention the case of a woman
who developed aspiration pneumonitis after ingesting an unknown amount of hypochlorite bleach.
Bracco et al. (2005) described a similar case. In this case, chest x-rays performed 2 hours after
intoxication showed bilateral bibasal infiltrate suggestive of aspiration pneumonia. Over the next

24 hours, the patient’s respiratory condition declined and she required ventilatory support. The patient
eventually recovered after 26 days of mechanical ventilation. In the fatal case of bleach ingestion
described by Jakobsson et al. (1991), microscopic examination of the lungs showed aspiration of

epithelium derived from the upper respiratory tract, and signs of acute bronchitis.

Limited data on respiratory effects are available in animals. Ninety-day drinking water studies in

76

Sprague-Dawley rats (Daniel et al. 1990) and B6C3F; mice (Daniel et al. 1991) dosed with up to 24.9 and

39.2 mg Cl/kg/day, respectively, reported no gross or microscopic alterations in the lungs, trachea, and
nasal turbinates. Furukawa et al. (1980) also reported no significant histological alterations in the lungs
and bronchial tube of F344 rats dosed with up to 85 mg Cl/kg/day for 92 days. Similar results were
reported in chronic-duration studies in F344 rats (Hasegawa et al. 1986; NTP 1992) and B6C3F; mice
(NTP 1992). Rats received doses of up to 133 mg Cl/kg/day and mice received doses up to 24.2 mg
Cl/kg/day for 2 years.



Table 3-3 Levels of Significant Exposure to Hypochlorite Solution _ Oral

Exposure/ LOAEL
Duration/
Key to Species Fr(?ouui:;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form Comments
ACUTE EXPOSURE
Systemic
1 Rat once Hepatic 20 M (increased Chang et al. 1981 No other end points
(Sprague-  (G) triacylglycerols in whole were evaluated.
Dawley) liver homogenate)
2 Rat 14d Cardio 200 F Cunningham 1980 Only organ weight was
(Wistar) (GW) assessed.
Hepatic 200 F
Renal 200 F
Bd Wt 200 F
Neurological
3 Rat 14d 200 F Cunningham 1980 Only brain weight was
(Wistar) (GW) assessed.
INTERMEDIATE EXPOSURE
Systemic
4 Human 4 wk Hepatic 0.4 Wones et al. 1993 NOAELSs are for serum
(W) thyroid hormones and
serum lipid profile.
Endocr 0.4
5 Rat 12 mo Hemato 12M Abdel-Rahman et al. 1984
(Sprague- (W)
Dawley)
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Table 3-3 Levels of Significant Exposure to Hypochlorite Solution - Oral

(continued)

Exposure/ LOAEL
Duration/

Key tg Species Fr(?ouui:;:y NOAEL Less Serious Serious Reference

Figure (Strain) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form Comments

6 Rat 66-76 d Hemato 34 Carlton et al. 1986 NOAELs are for blood
(Long- Evans) (GW) counts and serum

thyroid hormone
levels.
Endocr 3.4
Bd Wt 3.4
7 Rat 6 wk .
Bd Wt 157 M Cunningham 1980
(Wistar) W)

8 Rat 90d Resp 249 F Daniel et al. 1990 NOAELSs are for gross
(Sprague- W) ' and microscopic
Dawley) evaluation of tissues

and organs, and
hematology and clinical
chemistry.

Cardio 249 F

Gastro 249 F

Hemato 249 F

Musc/skel 249 F

Hepatic 249 F

Renal 249 F

Endocr 249 F

Dermal 249 F

Bd Wt 249F
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Table 3-3 Levels of Significant Exposure to Hypochlorite Solution - Oral

(continued)

(Fischer- 344) (W)

reduced 19%) reduced 47%)

Exposure/ LOAEL
Duration/
Key tg Species Frequency NOAEL Less Serious Serious Reference
p . (Route) .
Figure (Strain) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form Comments
9 Rat 8 wk Bd Wt 41 M Exon et al. 1987
(Sprague- (W)
Dawley)
10 ;ai;cher 244) (g\i/)d Resp 85 M Furukawa et al. 1980 rl:li(s)t:cﬁ;Eall_t?]glroe foz)f
Eypocmor_c;us acid and sodium tissugs and g!gans,
ypochiorite clinical chemistry and
hematology.
Cardio 52F 84 F (endocardial hyperplasia;
myocardial fibrosis)
Gastro 85 M
Hemato 85 M
Hepatic 85 M
Renal 85 M
Endocr 85 M
Dermal 85 M
Bd Wt 26 M 50 M (19% reduction in final 85 M (46% reduction in final
body weight) body weight)
11 Rat 13 wk Bd Wt 76 152 M (final body weight 305 M (final body weight Hasegawa et al. 1986 Only body weight is

listed due to
incomplete reporting of
other end points.
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Table 3-3 Levels of Significant Exposure to Hypochlorite Solution - Oral

(continued)

Exposure/
Duration/
Keyto Species Fr(?ouui:;:y NOAEL Less Serious Reference
Figure (Strain) System (mg/kg/day) Chemical Form Comments
12 Mouse °0d Resp 392F Daniel et al. 1991 NOAELs are for gross
(B6C3F1) (W) and histological
evaluation of tissues
and organs, adn
hematology and clinical
chemistry.
Cardio 39.2F
Gastro 39.2F
Hemato 39.2F
Musc/skel 39.2F
Hepatic 39.2F
Renal 39.2F
Endocr 39.2F
Dermal 39.2F
Bd Wt 39.2F
13 Gn Pig 5wk .
Bd Wt 26 M Cunningham 1980
(albino) W)
Immuno/ Lymphoret
14 Rat 90d 249 F Daniel et al. 1990 NOAEL is for gross and
(Sprague- W) microscopic evaluation
Dawley) of lymphoreticular

organs.
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Table 3-3 Levels of Significant Exposure to Hypochlorite Solution - Oral (continued)

Exposure/ LOAEL
Duration/
Key tg Species Fr(?ouui:;:y NOAEL Less Serious Serious Reference
Figure (Strain) System (mg/kg/day) (mg/kg/day) (mg/kg/day) Chemical Form Comments
15 Rat 8 wk 41 M Exon et al. 1987 Some reported
(Sprague- (W) changes in immune
Dawley) parameters of unknown
toxicological
significance were not
considered adverse.
16 R;:a_‘t er 344 924 85F Furukawa et al. 1980 NOAEL is for grclasst_and
ischer- . . microscopic evaluation
( ) (W) Eypocmor_c;us acid and sodium of Iymphc?reticular
ypochlorite organs.
17 Mouse 90d 392 F Daniel et al. 1991 NOAEL is for gross and
(B6C3F1) (W) histological evaluation
of lymphoreticular
organs.
Neurological
18 Rat 90d 249 F Daniel et al. 1990 NOAEL is for gross and
(Sprague- (W) microscopic evaluation
Dawley) of the brain and sciatic
nerve.
19 Rat 92d 85F Furukawa et al. 1980 NOAEL is for gross and

(Fischer- 344) (W)

hypochlorous acid and sodium
hypochlorite

microscopic
examination of the
brain.
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Table 3-3 Levels of Significant Exposure to Hypochlorite Solution - Oral

(continued)

a
Key to Species
Figure (Strain)

Exposure/
Duration/
Frequency
(Route)

NOAEL
System (mg/kg/day)

Less Serious

Reference
Chemical Form

Comments

20 Mouse
(B6C3F1)

Reproductive
21 Rat

90d
W

66-76d

(Long- Evans) (GW)

22 Rat
(Sprague-
Dawley)

23 Rat

90d
W

92d

(Fischer- 344) (W)

24 Mouse
(B6C3F1)

Developmental
25 Rat

90d
W

42d

(Long- Evans) (GW)

39.2F

3.4

249 F

85 F

39.2F

3.4

Daniel et al. 1991
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